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APPENDIX F

INTRODUCTORY REMARKS BY DR. BARNES W. MCCORMICK, JR. (CHAIRMAN)

The task of this AHWG is to consider the development of a
vertical lift capability for the Army 20 years from now, having a
payload of approximately 50 to 60 tons. If the discussion seems
to be somewhat biased in favor of helicopters, it is hoped that
the representatives from Goodyear, LTV, and others, will bear with

me because, off hand, you would agree that as of now this is the
obvious way to go. Formulated as a result of this meeting is a
report with recommendations as to the problem areas involved with
the development of a very heavy lift vehicle. It does not take
too much thought to develop a formidable list and I am sure that
a lot of you, particularly from industry, already have such a
list. For example, we have the problem of transmissions. The
transmission must be large enough to transmit the power required
and must have a high enough gear reduction to maintain a reasonable
tip speed. There is the problem of satisfactorily predicting the
structural weight for aircraft or helicopters of this size. The
general area of vibrations will present a problem since the natural
frequencies of components will go down. Ground and air resonance
will need to be given some attention.

The mission should be considered before continuing further.
What will be required of the vehicle in terms of speed and range?
What will it be expected to do? If we are considering helicopters,
what type of rotor should it have; should it be a single rotor, a
tandem or a multi-rotor? Are we considering only one helicopter?
Maybe we should consider coupling several vehicles together. We
should give attention to the handling problem with external loads.
Of course, most of these areas have been treated in the heavy lift
studies that have been done to date but still we are talking about
a significant increase in the payload so that these problem areas
will have to be re-examined.

Noise is another important consideration. How does noise vary
with rotor size for a constant disc loading and tip speed? Might
the noise not be prohibitive for a very heavy lift helicopter. The
present QMR for the heavy lift helicopter contains some noise require-
ments. Without recalling the specific numbers, it does refer to

the avoidance of large impulsive noise levels in the cabin. It is
also believed that there are some requirements listed (in the QMR)
regarding the far-field noise.
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A few very preliminary calculations and observations will be
presented which have been made based on the extrapolation of today's
technology. It is realized that these may be a little naive by
comparison with the design studies which some of you from industry
might have made.

The first graph (Figure 1) of disc loading versus the one-
third power of the gross weight illustrates what happens in the
scaling of helicopters. We have all heard about the square-cube
law and more will be heard later concerning scaling. This figure
illustrates the application of this law to helicopters. To explain
this graph, suppose a helicopter is simply scaled geometrically to
larger and larger sizes. The weight would be proportional to the
cube of some characteristic length while the disc area would vary
with the length squared. The disc loading would thus be proportional
to the one-third power of the weight. As you can see the data shown
here does indeed fall along a straight line. Represented here are
tandem rotors, Russian helicopters and single rotor helicopters.

The next figure (Figure 2) presents the empty weight as a
function of normal gross weight for helicopters. It is somewhat
surprising that the data lies along a straight line with the exception
of the crane configui tions which one would expect to have with a
relatively lower emty weight. Generally, the empty weight is
approximately 60% of the gross weight even for the largest helicopter.
This is somewhat difficult to understand on the basis of the square-
cube law. If the same stress levels are maintained for all designs,
one would expect the structural weight as a percentage of the gross
weight to increase with the gross weight.

Figure 3 presents a look at power loading. This looks some-
what like the "shot gun" pattern of data which one tries to avoid.
Ideally, of course, the power loading, pounds per horsepower, should
vary with the reciprocal of the disc loading. Hence plotted is the
available data in the manner shown and includes lines representing
constant figures of merit. As used here, this figure is the ratio
of the ideal power required to the installed shaft horsepower. No
attempt was made to separate out the rotor power. The power used
was the total installed power and hence includes margins for engine-
out performance, etc. Generally, as you can see the data lies
between figures of merit from .385 to .605.

In order to size the very heavy lift helicopter, it is also
good to take a look at the rotor average lift coefficient, TL. The
data for CL as a function of gross weight is shown in Figure 4.
There seems to be a tendency for tL to decrease somewhat at the
higher weights. It is difficult to understand why this should be
and within the scatter of the data it is not definite that any
significance should be drawn from it.
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Using the data from the foregoing figures, a little "guessti-
mating" has been done as to what a very heavy lift helicopLer might
look like, Chosen was a CL of .45 and a tip speed of 700 feet per
second. The weight empty was assumed to be .62 of the gross weight
and the disc loading to be in line with that of the large Russian
helicopters shown in the first figure. A figure of merit of 0.5
was chosen based on the installed power and a brake specific fuel
consumption of 0.6 gals. per b.hp./hr. Further assumed was an
equivalent flat plate area of 400 sq. ft. for the helicopter and
150 sq. ft. for the external payload. The QMR on the heavy lift
helicopter specified 100 sq. ft. of flat plate area for the bulky
payload which, using the square-cube law, was scaled up to 150
square feet for this payload.

Using these assumptions and going through several iterations,
a fuel weight of approximately 46,000 pounds was calculated.
Obviously, to do this some sort of a mission had to be defined.
Chosen was the same as the one currently specified for the heavy
lift helicopter, that is, a 25 mi. radius, two round trips, 10
minutes of hovering with payload and 20 minutes of hovering without.
A 50 ton payload was assumed for the calculations. The disc loading
which resulted from the calculations was 13.2 psf and the gross
weight was 384,000 pounds. The calculated installed horsepower was
73,400 shp; the rotor diameter was calculated to be 192 ft with a
solidity of .151. For example, if the rotor had six blades, the
chord of each blade would be 7.6 ft.

These preliminary numbers are presented simply as a starting
point with the realization that more detailed study must be done.
(Note: the ensuing discussions by the committee suggested that the
preceding numbers were too pessimistic and that the 50-ton payload
helicopter would probably be lighter than the numbers herein indicated).
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APPENDIX G
GENERAl DESIGN CONSIDERATIONS

Presentation by Dr. George Wislicenus - Penn State University

Simply specifying the payload which we want to lift vertically
is not a sufficient criterion in design of a VHLH vehicle.
Certainly the hovering time must be specified; after all, the
rocket engine that just launched our astronauts to the moon
produced a thrust of 7.5 million pounds, but not for a very long
time. So we have to ask, "How much time, for what distance, and
at what speed?" If distance and speed are important it is
believed that something other than a helicopter, probably along
the lines of a VTOL aircraft, must receive consideration. In
addition to the weight of the payload the bulk of the payload
should also be considered. If it is very bulky its aerodynamic
drag during horizontal flight may become prohibited. However, it
is an interesting idea that the type of aircraft we are consider-
ing could conceivably transport a load more bulkier than could be
transported over land by any other means.

I would now like to discuss briefly a study conducted in
cooperation with a graduate student of mine where we considered
the problem of scaling larger and larger aircraft. This study was
not concerned with V/STOL aircraft and helicopters per se. We
wanted to understand why it has apparently been proposed to build
larger aircraft which are not in accordance with the well-known
square-cube law. In passing, it should be noted that lighter-
than-air aircraft have no problem in this respect since they
derive their lift by buoyancy rather than by dynamic means.

Since we are dealing with gravitational and dynamic forces
the Froude number is an obvious criterion. Figure 1 presents the
reciprocal of the cube root of the Froude number as a function of
the take-off weight of aircraft. As defined here the Froude
number is the ratio of gravitational forces to the dynamic forces.
It is interesting that this number is nearly constant for propel-
ler driven aircraft as a result of the speed increasing with
weight. In the subsonic jet field, however, this is not the case
because these aircraft are flown more or less at the same speed,
close to the sonic velocity, regardless of size. This latter case
is probably comparable to what we would find with helicopters
where the tip velocity of rotors, or similarly for lift fans, is
more or less constant.

Figure 2 presents the fatio of structural weight to gross
weight for fixed wing aircraft as a function of the gross
weight. As you can see, the ratio varies very little as
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a function of gross weight and, if anything, decreases slightly
with increasing size. According to the square-cube law, this
should have been in the opposite direction. This is strong
evidence that we are "beating" the sqa ire-ci-he lew, Tnid•ent11y,
the figure which Dr. McCormick presented for helicopters was about
0.6. The Russian helicopters were approximately .48 which is doing
pretty well by comparison with this figure.

The area loading for fixed wing aircraft is presented in
Figure 3. The reference area which was used was the total
vertical projected area of the aircraft. This, of course, is more
or less proportional to the wing area but it was used since the
fuselage may also provide some lift. This figure implies that as
we progress to larger aircraft the area is not increasing as fast
as the weight. This is one way we circumvent the square-cube law
in the growth of aircraft. Interestingly enough, as a sideline,
the ratio of the weight to the area to the three halves power
(which is in effect the volume) is nearly constant for propeller-
driven aircraft and decreases slightly for jet aircraft with
increasing size. In other words, the density of these aircraft
diminishes slightly with increasing gross weight.

Figure 4 presents the wing lift coefficient as a function of
maximum take-off weight. This lift coefficient is calculated for
cruising conditions and shows a tendency to increase with increas-
ing size which once again reflects the higher wing loading.

Figure 5 addresses itself more specifically to the problem of
negating the square-cube law with regard to fixed wing aircraft by
refinement of the structure. Here an average skin thickness,dr,
is divided by the square root of the vertical projected area. Cw
is simply a constant describing the weight of the aircraft in
terms of its area and thickness and is equal to the weight divided
by the material density, the area, the average skin thickness and
the acceleration of gravity. This graph shows that the average
skin thickness in proportion to the linear dimension of an air-
craft has remained nearly constant for propeller-driven aircraft
as the sizes have increased. However, in the case of subsonic
jets this ratio has decreased with increasing size pointing to
continual improvement in the structural design.

Figure 6 is perhaps the most revealing relative to the up-
grading of the quality of the mechanical design. The constant,
Cb, is a dimensionlies measure of bending stress at the wing root
and is equal to the moment divided by the root section modulus.
The largerCb the better the aircraft has been designed with
respect to bending stress. The dimensionless coefficient, Cm, is
equal to the wing bending moment divided by the weight of the air-
craft and a characteristic length. The smaller this coefficient
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the better is the dlntrihiiti'~nn n4 ehg nfi !n- w4 1.-±-- t-
bending moment. To emphasize again the larger Cb and the smaller
Cm the better will be the design. This figure then presents the
product of the matLeial stress and Cb divided by the product of Cw
and Cm. The larger this combination the better will be the
structural design of the aircraft. As you can see, this combina-
tion of parameters has increased by a factor of approximately 4 in
going from a gross weight of approximately 20,000 to 800,000
pounds. The aircraft represented here are constructed primarily
of aluminum and we know that the strength of the material has not
increased by a factor of four. We must conclude that the quality
of the mechanical design has been improved considerably over the
years with the growth of fixed wing aircraft.

A similar combination of parameters is presented in Figure 7.
Here Co-is equal to the product of the material density and the
square root of the weight is divided by the stress to the three-
halves power. The combination of constants shown here represents
a similarity criterion with regard to weight and strength. If this
coefficient is a constant, one can satisfy similar operating
conditions with similar structures. From this figure, within the
scatter of the data, it can be seen that this combination of para-
meters is essentially constant as a function of gross weight.

The next four figures illustrate some results of a design
problem which were done a few years ago relating to a design

class. Considered was the possibility of designing a VTOL aircraft
to lift a bulky load of 100,000 pounds. I had in mind a civil
application, namely to deliver factory built houses from the
factory directly to the site. It was assumed that the house would
be 70 feet wide, 25 feet high, and 80 feet long. This is a bulky
load; something which could be transported over land by conven-
tional means. Please understand that these sketches are strickly
preliminary in nature.

Figure 8 shows a multilift fan aircraft which was considered
first. As you can see, the lift fans arc very large. The payload
area is in the center and is not to be crossed with any beams.
The way in which the structural members would have to run are
shown diagrammatically. One of the problems is the fact that if
you have a very large area occupied by the payload then the rest
of the aircraft by necessity becomes large also. This is feasible
only if your aircraft has less weight per unit area than present
day aircraft.

Figure 9 is a side view of the aircraft illustrating louvers
in the fan which are adjustable to provide forward thrust for the
horizontal fixed wing mode of flight.
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Figure 10 may cause the helicopter experts present to shutter
but it will be presented nevertheless. In this planform view of
tho prel1minAry dp~ign it PAn hP nPen that thp rotor hub waR made
sufficiently large in order to cover the payload. This avoids
hanging the very bulky load in the downwash from the rotor.

Figure 11 is a side view of the helicopter. The blades are
shown relatively large as I had in mind some sort of a jet reaction
drive such as the warm cycle.

Thus, in conclusion, it is entirely clear that a multiplicity
of refinements in the structural design of fixed wing aircraft has
accomplished what we accept today. The existence of fixed wing
aircraft of the order of 800,000 pounds gross weight is a matter of
good design, and I have not the remotest doubt but that we can
build a VTOL aircraft to lift 50 or 60 tons of payload. It is
hoped that we will not limit ourselves in our ensuring discussions
solely to the helicopter. If we require very long ranges with
reasonable efficiency, then the lift fan should also be given
attention.
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APPENDIX H

FUTURE PROPULSION TECHNOLOGY

Presentation by Mr. Lester Veno-General Electric

Thus far discussions have been concerned with requirements,
and helicopter design considerations. There have been several
remarks made with reference to Propulsion Systems and naturally in
our business we feel that the Propulsion System may be a very
important part of the VHLH, but perhaps, not the limiting part. I
will agree with some of my competitors here that we don't feel that
the propulsion system or the propulsion technology will be limiting.

Figure 1 implies that we are going to talk about turbo-shaft
engines and I think I should correct one impression right away and
that is, that although this discussion will be confined to turbo-
shaft engines, we in CE, feel that a turbo fan engine may also be
a propulsion system for a VHLH as a gas supplier. However, this
discussion and the technology that we will cover here will be mostly
confined to turbo-shafts,

One of the first things that we must consider is the market
need (Figure 2). After all we are in business for profit and we
like to look at the market and to try to do our planning accordingly,
and as we observe the whole market at the moment we find that we can
categorize it or classify it in each of five groups: The 400 to 800
horsepower level, is shown first and we list some typical applications
for this size engine. We then go to the next class between 1,000
and 2,500 horsepower and the third size, 4,000 to 6,000. The fourth
size is 6,000 to 10,000. And a final larger group which we will
focus our attention on today which would be 8,000 horsepower and up.
I have listed some of the potential applications shown covering all
branches of the military service. Naturally we would like to design
an engine that would have a multiple of uses. If you look at GE's
spectrum of engines at the moment (Figure 3) you find that we have
two production engines shown in the lower left hand side. The T58
engine running from an initial start of about 1,000 horsepower to
1,500 horsepower, and the T64. At the end of these particular
little arrows is shown the date of the initial MQT, and the growth
and the width of the arrow, as shown here, is the relative growth
in the horsepower of the engine during its life history. I show
four new engines, which we call advanced technology engines. We
see an engine up at the top labeled "A", and I will identify that
as a shaft derivative of our TF 39 engine, the large high bypass
ratio turbo fan used in the C5A. We feel that a 25,000 horsepower
engine could be built very easily from that particular configuration.
It is a high temperature cycle. I am going to have a little more
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to say about that later, but you can see that we believe that there
are engines available, or could be available at 25,000 horsepower
-nr .. .. . l -r flfi Th.... ... . . .. . .a11 "A" i a J- am

of engines that are derived from our J97 Air Force-funded engine.
This is a 65 pound per second gas generator and has a considerable
latitude for growth as you can see from about 12,000 shaft horse-
power up to 15,000 or higher. The horsepower values I am quoting
you are on a standard day. There is a family in "C" based on our
Navy developed TF34 engine. This is an engine for the VSX. It is
a family derivative of the T64. It has a capability of between
6,000 and 8,000 horsepower. Finally there is a family "D", shown
at the lower end of the size scale. This is the Army-supported CE-12
engine which is being developed for UTTAS. It has the potential
of between 1,500 and 3,000 horsepower, depending on what size is
finally configured. You can see its timing is in the period from
1974 through 1976. I think our interests today are in the upper
two, the larger engines, A and B. We also identified a broad band
here where we feel advanced technology engines could be developed.

Now, how is technology manifested in engine designs. There
are two ways here of looking at it. We have plotted in Figure 4
in very broad terms two basic engine design parameters, the cycle
pressure ratio and turbine inlet temperature versus years. You
note that our production engine, T58 and T64 indicate a steadily
increasing trend to higher cycle pressure ratio, then we find our
advanced engines, A, B, C, and D, tend to fall even higher up at
the upper end of the scale. The turbine inlet temperature trend
has a jog in it which was introduced not too many years ago around
1965 when we went from uncooled turbine blades to cooled blades,
and I think that most of you are aware that there is a great deal
of increased sophistication being factored into methods of cooling
turbine blades to allow even higher turbine inlet temperatures.

Now hand in hand with this sort of trend of technology develop-
ment, we have to accompany it with advanced material trends (Figure 5).
We see on this pictorial chart at least how various materials have
been introduced to allow us to move to either end of the scale,
either to a higher allowable temperature or higher stress or a can-
bination of the two. We have gone from stainless to titanium to
cobalts and nickels at one end of the scale and composites at the
other. These material trends are in fact making possible a good
deal of our technology trends.

Accompanying the introduction of these new materials we must
innovate, develop, and find new processes (Figure 6). I list here
a few of the more advanced processes going into our gas turbines
today. I would make one comment and try to keep it on an unclassified
basis but in reference to the discussions earlier this morning about
our competitors across the sea, it is our considered opinion that

H-2



our friends have been able to develop many of these processes and
that they are tar trom iacking in their abiliLy Lu d:vclup Ctwy;
materials, new processing, and particularly advanced design in their
power plantR. So I think -- I have to take a strong exception to
anyone who says they are simply building on an old technology. That
just isn't so.

Now, something interesting has developed over the years. We
show in Figure 7 an index of effectiveness, if you will, for gas
turbine engines. In this case we are plotting the power to weight
ratio, divided by the SFC versus year of MQT. We note that we have
shown our engines and competitive engines and they tend to fall
pretty well on this straight line--the improvement line which is
about ten per cent per year, with turbo jet and turbo fan engines
being able to hold it to this trend pretty well through the years,
as you can see. We can therefore expect to continue on it. Now,
one odd thing about this is that when we look at turbo-shaft and
turbo prop engines they don't fall on this trend (Figure 8). If
we examine the trend as exhibited by two GE engines we see that the
turbo-shafts have a lesser trend and this has fostered a general
attitude that turbo shafts are sort of poor orphan childs. Now
there is a good reason for this. The turbo shaft duty cycle, is
different than the turbo fan or the turbo jet. It is just subjected
to a much tougher job In the installations where it is used, and
as a result, I think inherently one way or another we try to compen-
sate for that by building into the turbo shaft a certain amount of
margin, generally lower temperatures, and a certain amount of safety
factor, if you will, to allow for the abuse that the turbo shaft
has to take. And, this has continued up to nearly the present time.

However, there has been a considerable amount of interest
recently expressed to us as well as on our part to change this
trend, (Figure 9) to take advantage of the high temperatures and
high cycle efficiencies that have been inherent in the turbo Jet
and turbo fan, and we feel that we have now developed a return to
the original trend as shown by this increased slope line so that
we predict, at least, based on some of our own advanced designs,
that the turbo shaft of the 70's will tend to get back on the
original line. We identify as our own personal goal - that box
up in the corner - advanced technology which is getting very close
to the original trend line. In other words we are going to try
to have a renewal, if you will, in turbo shaft technology because
we feel that there is still great potential there and perhaps that
it has been lost somewhat in the conservatism of some of the turbo
shaft designs.
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In Figure 10 we find SFC improvement as going uk the vertical
scale versus horsepower to weight ratio. We want to show the
general trend over the past few years. You see first that in 1960
we operated at moderate cycle pressure ratios and the horsepower
to weight ratio actually would increase with pressure ratio up to
a point and then we would begin to lose ground if we tried to
achieve any further SFC improvement. The turbine inlet temperature
and cycle pressure ratio trend go hand in hand. The two of them
build together. You can see the potential of moving into this 1975
period where we feel that it is achievable to get 30 per cent
SFC improvement and 50 per cent power to weight improvement.

Now, you may have noted previously that our goal in 1975 - 1980
period is a total index of effectiveness of 40 which would result
from a horsepower to weight ratio of about 10 and an SFC of about
.4. You will note here we have in Figure 11 the T64 and our four
family engines which we are now developing. The reason for engine
"D", the GE 12, being rather low on the horsepower to weight ratio
scale is because with a rather small engine -- it gets difficult to
compete with the larger engines on an absolute horsepower to weigw
ratio. The SFC trend is shown here clearly, and we see no reason
why we can't get down to the level indicated there.

The queation is how does this technology pay off. Well one
example shown in Figure 12, is for a utility type helicopter, a
UTTAS, if you will. We see that the payoff in the required vehicle
gross weight to do the Job could be as high as 30 per cent. That
is a reduction in systems costs - I think that is one thing that
we are talking about achieving in a VHLH.

We also try to show this on a typical heavy crane helicopter
(Figure 13). These studies we have made on our own. You will note
that the payload has increased about 10 per cent; however the radius
can be increased greatly. The reason is the fact that the heavy
lift is carrying such a large percentage of payload and not very
much fuel. Also gains can be made in the fuel logistics area and
they become more dramatic. This new technology gives load carrying
potential of about 10 per cent over today's technology. This is
not to imply that we can't build a' helicopter with a much greater
payload if you are willing to put a large enough engine in it.

These are a couple of "marketing" kind of charts (Figures 14
and 15) but I think that for those that aren't aware of our GE
helicopter experience, here is a series of photos of the various
T58 applications. I think we shouldn't minimize the fact that in
each and every application we find out new things. We discover new
problems and we work out those problems. They are all different
and they all represent a certain amount of challenge and I think
that experience in this VTOL field is a very strong factor in build-
ing the right engine. The T-64 engine family which is running from
the original 2600 horsepower up to as high as 4800 horsepower
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nw ljuwt:- Lueh Lypeb uf vehicles as shown: compounds, STOL, turbo
pro, 4, VTOL types, helicopters and even the hot cycle rotors shown
on the lower left.

Now there has to be a certain practical input to this technology
(Figure 16) as w,'i' .n2 that is one of the reasons why I showed the
pictures of all those vehicles because as we get into an operating
environment we ' find that we missed some critical aspects in
the original design. We fou "d, for example, that in the Army
environment certainly erosion is a big factor and that we would not
build another engine for the Army without erosion protection built-
in. We found in our service with the Navy that corrosion is a big
factor ane we would desi;n for that. We found a great deal of fuel
contamination and we no, design for that. Maintainability/survivability
were discussed (Figu-i j7). I think sirvivability particularly in
the area of vulnerability is a subject that is getting a great deal
of attention right now. We are staffing certain organizations to
work solely in thaL area. We are running a good deal of tests,
firing at engines, examining--critical parts. Firesafety is one of
the very strong factors that influence vulnerability. The duty
cycle is quite important and you define the duty cycle very early in
the design game. It has a strong impact on the total engine design,
and finally growth, which we have classically and we will always
build into the engine design.

Figure 18 shows, schematically, at least, the General Electric's
concept that we will provide an integral separator for future turbo
shaft engines. I think most of you are aware of what this is. It
is basically a swirl-type vane which centrifically separates out
small particles of dust, which are collected in collection scrolls
and discharged overboard. We are trying to separate out very small
dust, on the order of magnitude of the talcum powder that may be
found in your wife's hand-bag; ten microns to 100 microns which can
do damage and erode blades. We have to get it out. We feel that
although there are many applications at the moment using separators
of other designs such as the Donaldson-tube type---that the best
overall design would be one that would be fully integrated with the
engine for minimum power loss, having high cubic feet per minute
per square foot, for front and rear drive, anti-iced and integrated
with the engine front frame. I might say that we probably would
be prepared to quote engine power with the inlet separator installed
which would negate the reason for the 95 per cent requirement.

Survivability (Figure 19), we want to design for that and I
think IR suppression becomes a factor now in engine design. Certainly
we need fire safe low-pressure fuel system, low smoke, shock proof
stack lines, self-contained lube and electrical systems and lube
loss tolerance. What that implies is to have built into the engine
the capability to run without oil for some short period of time.
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Perhaps that ties-in with the requirement which impiies that you
must be able to fly with no engines operating to a safe area. I
think we would tie in that you mtit be able to fly the engine with
no oil to a safe landing area. We have been doing a lot of studies

on grouping accessories on an engine in such a way as to get
effective blockage, if you will, from small arms fire for critical
parts by surrounding them with less critical parts (Figure 20).

Now here (Figure 21) are two representative duty cycles. This
chart illustrates, perhaps, why turbo shafts, in general were on
that reduced technology trend. The turbo shaft in a helicopter
is exposed to that upper type duty cycle - it is a very good example.
You can see the many transients, the high time at maximum power.
That is just tough on an engine. And, when we design that duty cycle
into our development runs, something has to give, either weight,
stress levels, or life, or we backoff on temperature. The fixed
wing cycle shown below is much less severe and we wish that everyone
would recognize this and that a good deal of thought would go into
how you are going to ultimately use the helicopter. We must define
a realistic duty cycle. Recent inputs we have been getting in
programs like AMSA define a set of wartime missions but use the
vehicle on a peacetime basis and therefore we design the engine for
the peacetime operation with the capability to perform the wartime
mission but don't compromise the design of the engine for a continuous
wartime type role.

Figure 22 shows the classic type of growth that has been
designed into gas turbines and probably will continue. We have a
potential for growth that's first developed from increasing the
turbine inlet temperature, which is really a very minor change in
hardware. And, finally, the usual thing, the addition-of zero stage
increasing the pressure ratio, and air flow. This trend shows
examples of real cases where the engine can grow one hundred per
cent in a ten-year life.

H-6



ma II

cma'

U.-r'

L6Lu UI

#1t

Lag



oo 0 C
w 0

ow Lo do
*k .h 2k 0. 0)

_1 mC 0. 0 .

0I 0n 0.

o~4 0~~ .
.0 0 w 0 E0

* i.0 owmoo

*. 0 C~q) m

0 0

L 0 092 :0
Ad4

LQI0
mm. 0L0

00qi0
LIUU

* Hq



V o
1 ___Iz

mm~ ~ % mm ..

I c~-

aIma am&

CAI

M w *



N~cid

_LA 0*

Im- Z
-~l~ (Jn fl

S. ~ ILh

0

0

UUL

In H
w ___ ____ ____ ____ ____PC,_



U)R

a 0Az w-LUg
zbw R

44



0ý I
Emm

* 0)

c. E-L
0 0 0 U,

Um b. CL

0. E

E 0 c 0 0
O.E~ JJ4 r)

A. U HUE U



ii 
C

(VVP

"44

m 0 0

* C

ouCIL.



in 0

1 04

0 In-
F, , .. PonI-o we

V6* *0d%

010.

Iir

00

c~ IL



w I

-_ C0

%00

*C
I- 0

oo a

*- 0 0

... •- V. N

"-[
ia,

m Cn



Wf

.Jm

IH c 0
XWCL

low-EuA
uv Zh0

ow0
w0

Ow. 0

WE ____w



uu'

42u

00

I>.

zH

ag0-"

coo,

ý CL<,

6
N #A a 4

b.o

C



lia

AIM&

ro I I

= I

LU > LA

D I

Mm 0 •



Z z

= am

Ok
gapa

beh

0di- QhU

=I
SH II

OO
010i

= 4 6

Lbr

0H



II

--

ILI
LA1

WLt

ON 6C A

Zz -----



IC'I
I.-o

U)D
U' O



AN

mam

ai

-c

loin 00

Vm *C .o

0 0

c~ mm

=10 0 ..m

04

Lmii 0m mumm

mm m mE i--2



n.II

m €Am

0 €o o .

- I, U

w. a 0
z_ o ol 4A;o 0

I- " '•

6,,)

-
I- U



2U W6

SA W6

0 oF.- S

Sa .. .. nnU
,-of

mS

NM r U (m
'5' PP



cc

ww

aa

U 0

CL C. 0

Xn 0a

*~ 0 0
ha en 0

enPC,



IAI

ONED

Cj



M0!

6.1

ow 0-0

rI-



IA I

00a0

z 4.



I
APPENDIX I

SHAFT DRIVEN VHLH TECHNOLOGY - 1990

Presentation by Lewis Knapp - Sikorsky

Some gross weights for a 50-ton payload VHLH are going to be
shown which are somewhat different from those Dr. McCormick
showed, since I've been looking forward to 1990 technology. If
the VHL is in fact a helicopter, and if it is a shaft-driven
helicopter it will in all likelihood have two rotors. If the two
rotors are single lifting rotor and tail rotor the VHLH could very
well be configured as the model which some of you saw at the AHS
last week. (Figure 1.) If it were a coaxial rotor system, it
might look somewhat like this. (Figure 2.) A twin rotor system,
we have shown here, actually, a way-out idea for a twin rotor
system which has our structural dynamicists pretty ill of course.
(Figure 3.) This particular design was based on a study we did,
whereby we said, "If the 'going in' cost for something this size
is too terribly high, why not take the dynamics from a smaller
size helicopter and use them in multiples on a single aircraft?"
We got conclusions which were not as good from a weight standpoint
as a cleanly designed 50-ton payload tandem, but if the total buy
is small, it might be a way to go. Of course, if the going in
cost is too great to be viable at all, the job can be done with
two rotor systems like this. (Figure 4.) There is a possibility
that the total number of very large payloads, or the total number
of times when these very large payloads have to be carried are so
few that a pair of, say, 30-ton aircraft acting in multilift, can
carry a 50-ton payload. Whether, in fact, a 50-ton machine is
needed is going to depend upon the number of times that it needs
to be used and the importance of that mission.

Using some of the preliminary designs that we have put
together from time to time, I have compared a single rotor air-
craft (using what we have assumed to be 1990 technology) with a
coaxial rotor system, and I would like to give you some of the
results of that comparison. In comparing the gross weights of a
single rotor with a coaxial rotor system we came out with some
interesting numbers. The single rotor aircraft, for a 50-ton pay-
load, 1990 technology, grossed out 207,000 pounds. The coax was
lighter, 192,000 pounds. The weight empty for the coax system,
76,000 pounds. The fuel for the single rotor, 15,400 pounds.
Believe me, achieving this fuel weight is really going to depend
on the engine technology Les Veno described because the fuel
requirements for this 50-ton mission are not much greater than the
fuel requirements for a 27- to 30-ton machine using 1969 tech-
nology. So, you are going to have to achieve that 0.40 SFC.
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The fuel for the coax came out about 1,000 pounds less, or about
14.400 pounds. We also assumed that a disc loadin2 of 10 was a
good maximum number to use. This has been kicked around an awful
lot. There is not yet in the industry a clear statement as to
what is the largest desirable dowawdsh velociLy aud Lherforue
what maximum disc loading do you want to tolerate. So for this
single rotor we assumed the disc loading is 10, and for the
coaxial system we assumed the disc loading is eight and a half.
The life cycle cost analysis showed lower costs at DL = 8.5 than
at DL = 10 for a given type. The single rotor came out with 160
feet diameter and a coax of 154 feet in diameter. The installed
power on a single rotor would be about 34,300 horsepower. On the
coax, it would be about 27,000 horsepower. Perhaps, it is our
ignorance that makes us this optimistic about the coaxial system's
configuration, so I am merely reporting to you what our studies
have shown, and I am not conmmenting on the risk of that type
helicopter configuration in this size.

I mentioned that we assumed 1990 technology. Everything that
we felt might be developed 4n the next 21 years to reduce the
weight empty fraction and increase the payload fraction was
incorporated in our studies. For example, we assumed 9,000 PSI
hydraulic systems. We assumed redundant electrical flight control
systems. These are weight savers and by the 1990 time period, the
reliability of that kind of flight control system should be well
established. The impact of technology on payload fraction is
shown here (Figure 5) fot a 20-ton payload aircraft. If that 20-
ton payload aircraft used the same technology that was put into
the CH-53 a few years back the aircraft would gross about 130,000
pounds. If we used today's technology, or technology which could
be put into an aircraft which could be started today, that same
aircraft for a 20-ton payload would gross about 112,000 pounds.
By 1990 using the most optimistic improvements in technology that
we could, the aircraft would gross around 103,000 pounds. So you
see, technology has a very important effect on the gross weight
for a given payload, or on the payload fraction.

Now let us talk a bit about size. We said that present-day
configurationsof aircraft can be extrapolated to 50-ton payload
sizes by advances in component technology, and that advances in
component technology are necessary to hold the line on component
weight fractions. Examples of this might be in rotor blade
systems. We at Sikorsky have used extruded aluminum alloy
blades in our helicopters to date. We have made some studies for
a 27-ton aircraft and this particular one happens to have 4
blades. We have made some comparisons of various materials for
blade spars (Figure 6). The titanium alloy blade, as you can see,
weighs less than 70 percent of the weight of the aluminum alloy
blade. Studies of composite blades showed even further weight
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savings. But the fact is that on these very large machines the
composite blade may be too light. On a free flapping rotor system -

angles at the design gross weight. The composite blade that we
designed would cone at about 11 degrees. This means that it would
be a high Mach Number blade, rather gust sensitive, and could not
take a high load factor. Of course, there are things that could
be done to improve a composite blade, like increasing the centrif-
ugal relief by tip weiglits and things of this sort, but as you do
this you begin to trade off your weight saving and you will find
that an ideal composite blade with a relatively low coning angle
achieved by addition of tip weights would in fact not be much
lighter than titanium blades on these very large machines. Here
is an approximate blade size on a 50-ton payload aircraft, assum±~g
the gross weight is 207,000 pounds, as I mentioned, and assuming a
6-bladed rotor system. (Figure 7.) That blade would be 92 feet
from rotor center on a single rotor aircraft, and would have a
blade chord of close to 6 feet. This gives you some feel for the
size of the blades we are talking about. In these very large sizes,
we have a potential low frequency dynamic problem. The rotor that
I am speaking of would rotate at around 89 rpm and you want your
n per rev to stay far enough above seven cycles per second so that
the crew was comfortable. This could mean that the rotor I am
describing would be an eight-bladed rotor, not a six-bladed rotor
as shown here. Therefore, for a given total blade arep the blade
chord would be down somewhat from what we have there. For very
large blades, some work has to be done on titanium spar construc-
tion techniques. There are several possibilities open to us here.
(Figure 8) The ideal shape for a blade spar is a closed D section.
One way that such a spar might be made is to extrude it to length,
as shown here. Extrude it as a hollow billet. There is no capacity
to do this in these lengths today, but the Cameron people in Texas
are capable of making the blade forging - or extrusion. (It is
actually a combination o forging and extrusion techniques.) They
are making sections 40 feet long now, and with new capital equip-
ment they see no reason why they can't go to much larger sizes.
Such a blade might be avtomatically machined to a round tube with
internal taper and tape~dd thickness as shown here. We have just
completed having a series of titanium blade spars 20 feet long
machined full length in a gun barrel facto.j with thicknesses of
3/8 of an inch at one end and .080 at the other end with good
control of the thickness. That kind of process could be available
on a production basis, giving you a circular tapered titanium spar.

Alternatively, to get to that same point, a short length of
extruded forging frorr someone like Cameron could be elongated by
any of severa! hot flowing processes. This development in Ti could
be brought out to the full length spar that we are after. As a
next step, the round tapered spar can be hot formed in glass rock
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dies, or other dies to the final spar shape, and then built up
conventionally with a non-structural trailing edge and a non-
Rrtit-tir1 Ip~dinz Pda: nossibyv with tin weiehts and the anti-
icing and so on. This spar forming process has been used at
Sikorsky on 20 feet long spars.

Another potential method of manufacturing a blade which ought
to be examined is the multi-piece Ti design where the blade is
fabricated in two halves and joined, perhaps by roll diffusion
bonding, perhaps by E.B. welding, again ending up with the single
spar and then adding the airfoil shape. For 1990 technology I
think that, in the 90 odd feet diameter, these techniques can be
developed; so I see the capabilities of having rotor blades for a
rotor of the size that I mentioned. As to rotor head, some work
has been done over the years on new types of bearingsand a rotor
head might be configured like this. (Figure 9.) Once,again,
because of the size, it would probably not be made as a single
forging but separate independent billets might be diffusion bonded
to each other and then the thing finally shaped. Or, North
American Rockwell is working with diffusion bonding of rotor head
plates. They have done a couple samples for CH-53 to date. There
are technologies available that would give us rotor heads of the
sizes that we are after. Shown on the rotor head is a spherical
elastomeric bearing. This kind of bearing can serve as a combi-
nation flapping, lag, feathering hinge for the blade. There has
been enough work done in the industry so that we all feel together
that it is a viable technique for providing blade bearings and will
replace the lubricated blade bearing. This is a small scale test
that we did on the thing back in 1962 and 1963 (Figure 10). Since
then more work has been done in the industry by Lord; Boeing-
Ver.jl has done a very much larger size than this with considerable
success and we think we have a good solution for the rotor head
bearings.

So much for the rotor system. The other unique thing about
the shaft-driven helicopter in very large size is its transmission
system. We have talked a bit about the square cube law, but what
is going on to date in the industry, is to prove that it is a law
that can be violated-or maybe it isn't a law at all and technology
improvements are needed in order to overcome it. If the aircraft
I just described had a single rotor, its transmission system would
have an 89 rpm output, and the final stage of the transmission
would have to transmit 1,700,000 feet poinds of torque. Now this
is 12 times the torque that goes through the last stage of the
CH-53 -- that spells big gears -- if that were done with a bull
gear driven by, say, 8 pinions -- the bull gear would be about 8
feet in diameter and the face width would be about a foot and a
half, for example. At the present time in the industry, we can
internally grind ring gears only to 48 inches. Equipment, larger
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than that is not presently available but some new equipment is
being made. At the present time in the industry we can face
harden gears only up to 36 inches in diameter if we want to use the
carbonizing processing. So this would require new larger equipment,
but the processes are available. In a very large transmission new
fabrication techniques would have to be made available to meet the
required weight fraction. We mentioned the squarc cube law; the
torque does, in fact, go up as the three-halves power of the lift
but historically propulsion weights have gone up as the three-
quarters power of the torque. Therefore, the weight in the propul-
sion system will vary as lift to the 1.18 power if you don't make
technological improvements. So what can we do in transmission
systems to make them better than they are today? In transmission
configurations, the roller gear drive, if it can be made to work,
provides a very large reduction ratio transmission system.
(Figure 11.) It promises to save, for a given reduction, 5 to 10
percent of the weight in present-day planetary systems and it does
this because there are more free floating gears in the system and
fewer overall bearings. It is not at the point where it can be put
into production; R&D work is being done to find out whether this in
fact is a lower weight transmission concept than those that we
presently use.

In transmissions as in other helicopter components, if we can
reduce the total number of mechanical joints and replace them by
other types of joints we achieve greater efficiency of material
usage and reduced weight. In transmission systems by employing
diffusion bonding so that large gears are built up, (probably even
diffusion bondings of dissimilar materials), instead of being made
of a single forging. You can put the material where you need it,
and you can assemble the gear by one of these non-mechanical join-
ing techniques, ending up with a light stiff gear system. E.B.
welding has great promise for use in transmission systems. For
gearbox housings, to date, we have used magnesium castings. They
are relatively light and they are relatively stiff, but this is not
really an efficient use of material, and as we go to largerand
larger sizes, forgings will be welded together for the main
structural members, to provide stiffness where the materials are
needed, and a thin shell will be provided to keep the lubricants
in. New light weight materials will be used. I think there is
application for beryllium compounds in main gearboxes, for plane-
tary plates. Again, work has to be done and things have to be
thought out before we are ready to say this can go into production.
For the far out time period, transmission R&D should also include
examination of lubricants and lubrication systems for greater
lubricity, for reduction of the potential of catastrophic failure
after loss of lubricants - to provide transmission systems which
will last a half hour or an hour after the lubrication is gone.
Perhaps this means redundancy in lubrication systems, but we need
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to look at the lubricants, the lubrication systems and the cooling
systems and in all of these areas I think that we can make improve-
ments that will reduce weight and at the same time improve reli-

I*L,1j. !L yo Lcm.-

ing tooth loadings, new materials, perhaps new tooth shapes. We
would like to try to improve the efficiency of the transmission

systems. The main gear box loses into heat about two and a half
percent of the power transmitted from the engine. It is not a
large total percentage but we would like to be able to reduce it.
And, of course, in bearings, who knows but what in the future non-
liquid lubricated bearing, perhaps an air bearing system, might
find application in transmission systems. We are, after all,
talking 21 years in the future.

Along with other than shaft-drtven heavy lift helicopters, of
course, we would also benefit from the development of a precision
hover system. And, if you want good fidelity of a flight control

system, development of an all electrical flight control system is
in the cards. I have shown here (Figure 12) possible flight
control systems for a VHLH, a mechanical system of course is used
in most present-day helicopters. The electrical system, with a
mechanical backup, is a potential applicant, and the all-electrical
system with proper redundancy and proper proven reliability is also
a candidate. The all-electrical system goes to save a few tons in
the control system weight in a VHLH and it ought to be developed
for this time period, perhaps even prior to this time period. The
electrical system has other benefits, as well. Mechanical system
is limited as to exactly how mixing is put in or taken out or how
slop is kept out of the system. Every bolt, every joint, has a
certain amount of slop. Every flexure - every component in the
aircraft that moves or flexes-gives you a certain amount of
hysteresis. In an electrical control system a great deal of this
might be taken out, and hover precision, reduced weight, and the
same or improved overall reliability also result. I say electri-
cal system, but you notice we still have the pilot in there and
he's still handling mechanical controls. At the other end, in
this case, we still have hydraulics in there and the muscle is
still provided by a hydromechanical system. It is the system
between that would be different in an electrical control system.
To me, flight controls changes are one important means of keeping
the weight empty fraction low on the VHLH of 1990. As with any
variety of VHLH, whether shaft-driven or tip-driven, the cargo
handling system needs to have a great deal of attention paid to
it, and the aircraft technology, in general, does need to have
attention paid to it, again to keep weight fractions down and to
keep the life and reliability of the systems up. That is my story
on shaft-driven VHLH technology in 1990. (Figure 13.)
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APPENDIX J
TECHNOLOGY BACKGROUND, FANJET DRIVE HLH

Presentation by Mr. K. Amer - Hughes Tool Company

The tip drive side of the heavy lift picture is going to be
presented in two parts. The technology side (Figure 1) of the
story will first be presented and then the results of a cost
effectiveness study will be shown. Our system is called "Fanjet
Drive" which is a somewhat new name, and it is basically related
to the advancement from the earlier hot cycle concept to the
bypass engine concept, and the bypass engine is sometimes known
as the fanjet engine.

Figure 2 is a 3-view drawing of one possible fanjet-drive or
warm-cycle-type of very heavy lift helicopter. Some of the key
features are:

1. The elimination of the main transmission

2. A considerably shorter fuselage as compared with the
single-rotor shaft-drive configuration, which would
require a fuselage to go beyond the diameter of the
rotor and

3. A very small tail rotor or fan for maneuver control as
opposed to the rather large tail rotor that would be
required in a single-rotor shaft-drive configuration.

These savings lead to weight savings and this, of course,
is the fundamental reason for being interested in the tip-drive
configuration. The intent is that sufficient weight savings can
be achieved so that the payload can be carried in a considerably
smaller vehicle. The next few figures give some idea of what
heavy lift helicopters or very heavy lift helicopters would look
like as a function of payload. It would be well to interject
here that we are using about 1975 technology. It is certainly
felt that 1975 is not too near to talk in terms of a 30-ton capa-
bility, and for a 50-ton payload, it is felt 1980 is not too
early. In looking at shaft-drive technology, larger gross weights
and larger rot-c diameters will be seen than those Lou Knapp of
Sikorsky was talking about (but of course, he was talking 1990
technology). Also, in all honesty, we do not know as much about
shaft drive as Sikorsky or Vertol, or conversely, they do not
know as much about tip drive as we do, so invariably there is
probably a degree of pessimism when looking at the competitive
side.
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Pia,,tp I shows a ball Park estimate of gross weights versus

payload requirement. It is recognized that, in addition to pay-
load, there are questions of mission radius and special equipment
that may or may not have to be carried that also influence rhe
gross weight. Just to get a ball park idea, you can see that in
going from maybe 20 tons to 50 tons for shaft drive (again 1975
technology), the weight would go from a little over 100,000
pounds up to about 300,000 pounds. With jet drive you could
anticipate savings in transmission, fuselage, tail rotor, and so
forth, and the weight would get to about 200,000 pounds in the
50-55 ton class. It is worth noting that in any payload require-
ment, whether it is 30 or 40 or 50 tons, there is a significant
difference between shaft drive and jet drive in the gross weight
required to fly a mission, or conversely, if gross weight is
considered to be a level of technology which is limiting at any
particular time frame for any given level of technology, you can
get about 10 more tons of payload in the jet drive. This antici-
pated superiority of the tip drive is the basic reason for
interest in it and for our study of it.

A similar investigation looking at rotor diameter is shown
in this next slide (Figure 4). This chart was based on the
previous one and is based on a disc loading of 10 lb/sq. ft. I
would like to make a short comment on disc loading relative to the
square/cube law that we have been hearing about. One of the means
of delaying the penalty of the square/cube law in an airplane
would be to go up in wing loading. The equivalent step in a
helicopter would be to go up in disc loading. We are now reaching
the point in helicopter development where we are just about 10
lbs/sq. ft., and now we have to worry about downwash velocity.
Well, rightly or wrongly, I have used 10 lb/sq. ft. as the disc
loading limit in this study. Using that as a limit, the shaft
drive goes from about 120 feet diameter in the 20-ton category
to about 200 ft. diameter for roughly a 50-ton payload and again,
at any given payload requirement, the jet drive can do the mission
for a significantly smaller diameter. Alternatively, if rotor
diameter is considered to be a measure of technology, and of the
limit in state of the art, you can get about 10 more tons in the
jet drive than in the shaft drive.

Figure 5 shows what is called rotor torque ratio. This is
the variation of rotor shaft torque using a 10-ton payload machine
as a reference of one. The 10-ton payload is about the present
state of the art in helicopters. This chart shows a factor of
roughly 16 in shaft torque to get to a 50-ton payload. As I
recall, Lou Knapp of Sikorsky was using a number like 12 as a
ratio, so we are not too far apart. But, this does give you an
idea of the magnitude of the problem in trying to do the 55-ton
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payload job in the shaft-drive configuration. Again, this is
ancthcr ... •f Lim LU ADLI[LL why we are so interested in tip-drive.

Another item of interest is to plot rotor diameter against
first flight date (Figure 6). All of th= black circles are shaft-
drive helicopters. The largest rotor diameter of a shaft-drive
American helicopter was the YHI-16, which was a little over 80 feet
in diameter. The Mil-10 was about 100 feet in diameter and the
Mil-12, we understand, uses the same rotor. So, all these black
circles represent shaft drive.

The XH-17 was, of course, a tip-driven helicopter which flew
back in the early 1950's. Its rotor was 130 feet in diameter. As
can be seen, it was way ahead of any shaft-drive helicopter in its
time, and to this day, as far as we know, it still represents the
largest diameter rotor that was ever flown either here or in
Russia. This indicates that there appears to be an advantage in
the tip-drive and any level of technology as represented by rotor
diameter appears to be easier to get in a jet-driven rotor than
with a shaft-driven rotor. So the previous charts show that to
do the mission with a jet-driven rotor requires a smaller diameter
rotor, but even at equal diameter rotors, it appears to be easier
to get flight hardware with tip-drive.

Next is a photograph of the XH-17 (Figure 7). Again, it
shows the small length fuselage and a very small maneuvering tail
rotor. Keep in mind this helicopter flew 20 years ago.

Figure 8 is the XV-9A which was a hot cycle research heli-
copter. In this propulsion system the hot gases from the jet
engines were ducted up to the rotor head, out the blades and
exhausted through nozzles at the blade tips. The big dome on the
rotor head is instrumentation.

The next chart (Figure 9) is from preliminary studies of a fan-
jet-drive helicopter in the 30-ton payload class. The two main
points that we want to show with this figure are that using a 4000
ft. 95°F hover criterion, we estimate about 127,000 pounds gross
weight to achieve 30 tons of payload and, as we change the hover
criterion, the same helicopter at sea level and 95 0 F could go up
another 20,000 pounds in gross weight and in payload. In other
words, you can carry another 10 tons at sea level 95 0 F. The 4000
ft. 950 F condition has a much higher percentage probability. There-
fore, we could carry the additional 10 tons of payload for perhaps
half or 60 percent of the time and only under relatively less likely
occurrences would you be restricted to the 30 tons of payload. Under
sea level standard conditions, another 7 tons or so can be carried.
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A point worth noting is that there is some discussion about

flat rating or dprntrng requirements. In the tip-drive configura-
tion, there is no need for derating. In other words, a jet engine
puts out a certain amount of power under a hot day condition at
full throttle or at limit turbine temperatures. Under less
stringent ambient conditions at the same engine turbine tempera-
ture, the engine exit gases are more dense and, therefore, there
is a higher tip thrust. There is no structural limit to pulling
the full power of the jeL engine under less stringent ambient
conditions so there is no question of derating. The only require-
ments are that the design load factor be sufficient at the basic
design point to permit the higher gross weight at sea level and
that adequate strength be provided in local areas such as cargo
handling equipment. Alternatively, you might consider for
example, a 30-ton capacity winch, while the 40-ton or 47-ton pay-
load capability would be satisfied with just a fixed sling. It
might be mentioned that, for example, on the Mil 10 there is no
hoist. All cargo on the Mil 10 is carried by a simple cable. So
these are possible areas of flexibility in operation in which a
vehicle could carry from 30 to 47 tons, depending upon the required
hover performance.

Figure 10 summarizes the advances that have taken place over
the past 15 to 20 years in the area of tip propulsion. In the
first column we have the different configurations starting many
years ago with the ramjet and pulseJet, advancing to the tip-
burning pressure jet such as on the XH-17, the cold-cycle pressure
jet which is used on the French Djinn helicopter, the Hot Cycle
XV-9A Army/Hughes Program, and the lastest work in fanjet hot
cycles using bypass engines. Notice how the sfc which in the ram-
Jet/pulseJet days was 5 to 10 has improved to a value of about 1
on the XV-9A, about .85 using currently-available engines and
predicted improvements of .78 using advanced bypass engines
currently under development. It might be pointed out that these
are sfc's in pounds per rotor horsepower-hour, so these numbers
can not be compared directly to shaft engine sfc's.

Other points of interest in this figure are that the XV-9A
used gases of about 1200OF so that we have experience in the XV-9A
designing ducting seals and so forth to accommodate 1200OF gases.
The new studies are based on bypass engines which, of course, mix
cold air with the core's hot exhaust and we are now dealing with
roughly 800OF gases which clearly is a much simpler design problem
thAd what has already been solved on the XV-9A. It is also worth
noting this last column on jet velocities. The tip-burning pres-
sure jet for example is a very noisy system. Those of you who are
familiar with the Rotodyne program in England remember that the
Rotodyne was quite a successful program that was killed by the
noise problem. But notice that the reason for the noise was the
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jet velocity of about 3000 ft/sec. The hot cycle on the XV-9A was
just a little over 2000 ft/sec. The bypass engine jet velocities
are in the neighborhood of 1900 ft/sec. The tip jet noise varies
roughly as the eighth power of jet velocity. The difference,
therefore, between the early tip burners and the modern bypass
cycle is just like the difference between an afterburning and non-
afterburning jet airplane. These major improvements in noise have
reached a point where we do not anticipate that jet velocities will
be a source of significant noise problem.

Next is a chart prepared to compare sfc for the fanjet drive
using the warm cycle with the shaft drive (Figure 11). The com-
parison is made at both 100 percent of military rotor power and at
50 percent of military rotor power. Most of the operation would
be at roughly 50 percent of power. This is becausecruise and the
portion of hover when you are not carrying payload would be at
50 percent power, especially if you design for a hot day altitude
capability and you are doing most of your flying at more temperate
temperatures.

Sfc based on gas horsepower is used in order to have a conmmon
denominator. Sfc based on gas horsepower is fairly close for the
two configurations, with the slight advantage in the fanjet drive
because of the fact that the fan is supercharging the core engine.
The same core engines are assumed in both cases. The engine
horsepower sfc are put in for the shaft drive. Then shownare the
ratios of main rotor horsepower divided by gas horsepower. A
value of .424 is the number for the fanjet drive, while .705 is
the number for the shaft drive. Now, sometimes people mistakenly
compare this ratio for the tip drive with a value of 1.0 for the
shaft drive. Of course, that is not the case. There are losses
in the shaft-drive configuration when you start with gas horse-
power due to power turbine efficiency, leaving loss from the
exhaust of the engine, tail rotor, and transimission. Applying
the ratio of main rotor horsepower to gas horsepower for the jet
drive to the basic gas horsepower sfc you get an sfc based on main
rotor horsepower which in this particular case is .821. It is a
little higher than the previous slide because the previous one did
not include the yaw control and accessories which are now included
in both of these number1. Notice that the number for the shaft
drive rotor sfc is a littlehishr'than 0.5 even though it started
off with a basic engine sfc of 0.43. The final line is the ratio
of sfc's between the tip drive and the shaft dirve, which is 1.62.
So the jet drive has a 62 percent higher sfc at 100 percent power.
Now, when we go to 50 percent power, which is the power level that
really counts because that is where you do most of your operation,
the comparisons are basically similar except now the ratio of sfc
is 1.48. Now, it may be asked how do we go from 1.62 sfc ratio
down to 1.48? The answer is basically shown on this line where
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the ratio of main rotor power to gas horsepower for the jet drive
improved from .424 at 100 percent power to .483 at 50 percent
power. TLis Liprovement is basically associated with the tip
propulsion efficiency, where at lower powers we have a lower tip-
jet velocity and, therefore, we have a better match between tip-
jet velocity and rotor tip speed. So we have typically about a 1.5
penalty in sfc, compared to the shafL-drive configuration.

Now, what does this sfc ratio mean in terms of mission fuel
requirements? This bar chart (Figure 12) answers this question.
(Depending upon which level of the state of the art is used, and
depending on which company does it, you get somewhat different
numbers but the basic concept is this.) A mission with a specified
payload is assumed. Here is a shaft helicopter and here is a jet
helicopter, both with equal payload requirements. Now, what I am
showing here is essentially equal fuel quantities. You will
immediately say, how can that be since our sfc's are 50 percent
higher? The answer is basically here in the airframe weight. The
elimination of the transmission, the shorter fuselage, the elimina-
tion of the tail rotor, and the fact that the fuselage is not
subjected to tail rotor loads -- all these permit significant sav-
ings in airframe weight. The net result is that the gross weight
of the jet helicopter is significantly less than the gross weight
of the shaft helicopter. The fuel quantity required for a mission
is based on power required times the sfc. Now, with the lower
gross weight of the jet drive you have lower power required times
the higher sfc. So the fuels for the mission are very similar for
the jet drive and the shaft drive. If you pin me down as to whether
the fuel quantities are exactly equal or whether our fuel is 10 per-
cent higher than the shaft-drive helicopter fuel -- I couldn',t
answer that question. The main point is that the difference in fuel
is not 50 percent just because the sfc differences are 50 percent.
The fuel difference is more like 10 percent or maybe even equal,
depending upon the comparative airframe weights.

Now, how do we know that the sfc of our system is only about
one and a half times the shaft-drive sfc? Well, this is our back-
ground. In order to establish sfc, we conducted many propulsion
analyses (Figure 13). The key parameters are as follows: we start

with engine exhaust temperature and pressure; that is, the temperature
and pressure of the gases coming out of the tail of the engine. We
want to establish the blade pressure change from root to tip and that
means that you have to look at the duct friction and we have to look
at the effect of centrifugal force acting on the gas in the blade.
Finally, a reasonable nozzle velocity coefficient must be established.
This is a measure of the efficiency of converting gas pressure ahead
of the nozzle into jet velocity and, of course, the efficiency
determines how much of a momentum change, and
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establish these parameters a tether test was run on our XV-9A
helicopter.

The XV-9A not only gave us an opportunity to demonstrate the
feasibility of the hot cycle system it also gave us an opportunity
to measure some fundamental engineering numbers. We ran a tether
test (Figure 14) where we restrained the three blade tips with
load cells. We also ran pressure taps into the blade ducting. We
ran the engines at various power levels up to full power, measured
the tip thrust, and measured the pressure change along the blades.

Now, this (Figure 15) is an example of how we worked up the
data. Here is a plot of the nondimensionalized local duct pressure
against blade station and these symbols represent experimental data
points. Here are three theoretical curves with friction coef-
ficients of .004, .003, and .002. As you can see, the experimental
data pretty well matches the .003 skin friction coefficient. On
this basis, we have established what we feel is a valid friction
factor of .003. It is anticipated that in future larger machines
with higher ReynoldE numbers, this number should come down some.
However, thus far we are not taking advantage of that. A value of
.003 was used in all of our propulsion analyses. Once you know
the drag coefficient, you can predict the drag for any combination
of blade chord, ambient conditions, density, and so forth. So,
similarly, knowing the appropriate duct friction coefficient we
can now predict the pressure loss in any size duct, any length duct,
with any gas velocity.

Figure 16 is the data that was plotted up to establish the
nozzle velocity coefficient. The vertical parameter is "F", the
tip force measured during the tether test, divided by some gas
parameters. The horizontal parameter is the total pressure just
upstream of the nozzle ratioed to ambient pressure. The data
points represent experimental points measured during the tether
tests. Again, a comparison was made with theory. Shown is the
1.00 line, the 0.95 line and the 0.90 line. The dashed line,
which is the theory fora value of velocity coefficient of 0.94,
pretty well matches the experimental data. By this means it was
established that on the XV-9A, we had a nozzle velocity coef-
ficient of 0.94. Now, as frequently happens on limited budget
research programs, some compromise was made in the design of the
nozzle. We feel that a realistic objective is 0.96 for a nozzle
velocity coefficient, and that is the number that was used in our
propulsion analyses for the HLH configuration.

Before concluding the propulsion part, I think a word about
engine availability is important. In Figure 17 we compare fanjet-
drive engines and shaft-drive engines in two categories: available
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todav and estimated availability by the mid 1970's. Now with three
engine companies' representatives in the audience, I am a little
nervous at the moment, but this is my interpretation of what we
have been told by various angina company rcprcscntatives. With
regard to engines available today, the Allison TF-41 is in pro-
duction and is scheduled to be used on the LTV/Air Force A7D and
Navy AME. So, it is an engine that is in production today and
makes quite a good powerplant for a warm cycle heavy lift heli-
copter with no modification. This means: (1) the engines are
available, (2) there is no R&D cost for the Army, and (3) it means
the Army gets an engine that is completely debugged by the time
the engine is required. The Army does not have to go through the
pains of the debugging program, setting up maintenance procedures,
etc. That is all done. Conversely, for the shaft-driven heli-
copter configuration, there are no large free-turbine turbo-shaft
engines in production today.

Now, looking into the future to see what will be available by
the mid-1970's. There is the Pratt & Whitney JTF1OA, an engine
currently being developed for the FlllD. The F111D is, of course,
an Air Force airplane. In addition, there are two engines, the
Pratt & Whitney JTF22 and the General Electric GEI/lOFl0 that are
in competition for the F14B Navy airplane and the F-15 Air Force
airplane. Sometime before the end of the year it is presently
planned that one of these will be selected and carried on into
development. So here essentially are three engines that are being
developed with Air Force and Navy money, and again, they would be
available for Army use by the mid-1970's with essentially no
expenditure of Army R&D funding.

In the shaft-drive engine class, this first engine is a
conversion of the J52 and this second engine is a conversion of
the GEl. Based on what the engine companies are saying today,
these engines can be converted to turboshaft engines by the
addition of a power turbine. There is no question that a turbo-
shaft conversion of these engines is feasible. The only question
is whether the $30 or $40 million is available to do the Job.

One point is worth noting. There is a fundamental reason why
the fanjet drive has four engines to choose from -- one available
and three in development, while the shaft drive has none available
and would require a specific Army development program. The
answer is basically that there are requirements in the fixed-wing
airplane industry for fanjet engines, and by a fortunate coinci-
dence the optimum bypass ratio for fighter airplanes is about 0.6
and the optimum bypass ratio for a warm cycle is about 0.8 and so
with no conversions we have available four engines -- four bypass
engines that are essentially ideal for the warm cycle. Conversely,
there are no fixed-wing airplanes using large free-turbine
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turboshaft engines, and therefore, a specific Army-funded develop-
ment program wouid be required.

Now, moving on into the structures area, Figure 18 is a cross-
section of the blade on the XV-9A. Two ducts carry the 1200OF
gases. There are two spars, with an air space that acts as insula-
tion to prevent the hot temperatures from reaching the spars. The
spars were of steel and, as shown in Figure 19, the temperatures
were low enough that there is no penalty in material properties.
In addition, some cooling air was allowed to be pumped out in these
two spaces by centrifugal force. An aft segment completes the air-
foil section.

This chart (Figure 19) compares measured temperatures versus
predicted temperatures in the KV-9A design. In each case the
predicted temperature is underlined and the adjacent number which
is not underlined is the measured temperature number obtained
during flight tests. During flight test temperatures of the duct
skin, the outer skin, the spar cooling air were measured. The
predicted temperatures are based on three-dimensional analysis of
chordwise, vertical and spanwise heat flow. This figure shows
good agreement between predicted and measured temperatures, which
give us confidence in being able to predict temperature distribu-
tion on any future design, and thus be able to select the proper
materials.

Another area is one of ductseals (Figure 20). There were 4
primary seal areas on the XV-9A. The rotating seal was on an annular
duct so it had an outer and inner rotating seal. Then there was
what is called the articulate duct at the blade root which again
had an inboard and outboard seal which permitted the blade articula-
tion. Allfiur of these seals were designed for 12000 F. Today, if
these seals were designed for 800OF, it would be a lot simpler job.
There was no particular trouble in any of these seal designs.

Now, Figure 21 is a picture of the outer rotating seal. Shown
is the rotor shaft, and part of the seal that rotates. It is flame-
plated tungsten carbide and a series of segmented carbon graphite
segments contacted this surface to permit the rotation. The
concept was actually not original with us. This was a seal concept
that has been used in the engine industry. Our contribution was
that this seal was (and believe it still is) the largest rotating
seal of its type. There were no particular problems with this seal.

Now, this next figure (Figure 22) sunmmarizes what was learned
on the XV-9A program. At the end of the program a pressure test on
our duct and seal system was run all the way from the engine tail-
pipe to the tip nozzle, and there was negligible gas leakage. This
was after about 160 hours of total operation which included about
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35 hours of [light operation. The Leakage was abuuL 2/110 uZ ULU
percent. There are no seal problems and no leakage problems.
Coming down the liqt, we had 160 hours of satisfactory operation --

the predicted hover performance was verified. Although it was a
limited budget program with the resulting penalties in weight, a
useful load over weight capability of about 1 was achieved, in
combination with a hover ceiling of 6000 feet 95 0 F, if we had been
given production T64 engires. The actual engines were prototype
"Y" engines but if we had production engines and with minor modi-
fications, a hover ceiling of 6000 feet 95 0 F could have been
achieved. There were no temperature problems, good blade dynamic
characteristics, the noise level was acceptable and the maintenance
level was quite acceptable. So this program does give us confid-
ence in our understanding of the concept, and as was mentioned
before, it did give some hard engineering numbers that are needed
for future performance prediction.

Now, as a final item, in talking about weight savings we are
sometimes questioned on whether we have a good basis for predicting
weight. It would be best to say that in predictihg the weight of a
large tip-drive VHLH we are using engineering judgment just as the
shaft-drive proponents are.
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COST EFFECTIVE COMPARISON OF HEAVY LIFT HELICOPTER SYSTEMS

Presentation by Mr. T. Schonlau - Hughes Tool Company

The Hughes Tool Company-Aircraft Division has conducted a
cost effectiveness comparison of heavy lift helicopter systems
(Figure 1). The main objective (Figure 2) of this study was to
compare a fanjet-driven helicopter with a shaft-driven helicopter
system. Sixty-three fanjet candidates and 63 shaft-drive candidates
were utilized in this study. The conclusions of this study
revealed that the fanjet HLHS was consistently more cost effective
than the shaft-drive HLHS and that the 55-to 60-ton Hughes fanjet
was the most capable and cost effective HLHS.

In this study the combat scenario (Figure 3) utilized,
considered a helicopter availability of 20 helicopters which
represents 75 percent of a 27 aircraft HLH battalion. Payload
characteristics considered the movement of four representative Army
units. Tactical payloads varying from 30 to 60 tons were con-
sidered. Personnel transported were within the fuselage and the
number varied from 22 to 34 people. Two load carrying techniques
were considered, a sling load for large vehicles and a gondola for
composite loads. The gondola was basically 27 by 40 feet with a
single point hoist attachment. It was composed of 6 pinned sections
9 feet by 20 feet, easily transportable on standard Army vehicles.
For all the sorties considered, tactical integrity was maintained
for single sorties loads. A one day combat supply was also
included in each sortie load.

The mission profiles utilized for this study varied from 10
to 100 nautical miles. Two round trips were assumed without
refueling.

During operations we assumed 15 minutes of hover time per
round trip. Staging area and landing zone dead times were
included in the mission time. Loads were available on demand and
loads discharge space was available on demand. There was no
queueing involved.

The tactical loading model (Figure 4) considered in this
analysis included four representative tactical loads. First was
the Armored or Mechanized Division Field Artillery Howitzer
Battalion with 8" self-propelled and 155am self-propelled equip-
ment. The second tactical load was a Mechanized Infantry Battalion
Armored on Mechanized Division. The third tactical load was a
Light Brigade, consisting of Mechanized Infantry Battalion, Armored
or Mechanized Division and a Tank Company, Armored, Infantry or
Mechanized Division Tank Battalion. The final load was a Tank
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Battalion. Armored. Infantry. or Mechanized Division. The last
two loads considered required a 55-ton lift capability to handle
the major equipment. These loads are representative loads for a
tactical lift. The tactical lift was addrosscd in this study
because when tactical and administration lifts are considered the
tactical lift proves the limiting case.

The sorties versus payload for the self-propelled Field
Artillery Howitzer Battalion is shown in Figure 5. This is a
typical curve. We notice that step functions occur as the mission
payload increases. That is, as we gain more capability we can cut
down the number of sorties. For the lift of the self-propelled
Field Artillery Battalion we see that the number of sorties required
to complete the mission varies from 38 to 62.

The cost analysis (Figure 6) conducted during this study was
based on CONUS Operations. Results obtained show that for a 200
unit buy the HLHS cost per flying hour for the 30-ton fanjet was
$2,105. For a comparable shaft machine the cost was $2,920 per
flight hour. The variation in cost is shown on the slide. As
can be seen various elements contribute to the cost differential.
Lower costs for RDT&E, Investment and Operation and Maintenance
all contribute to the lower fanjet costs.

Systems cost for a 55-ton payload HLHS is shown in Figure 7.
Assuming CONUS Operation with 900 flight hours per year and a buy
of 200 units the cost per flight hour for the 55-ton fanjet was
$3,410. For the 55-ton shaft-driven helicopter the cost per
flight hour was $6,000.

The system effectiveness criteria utilized for this study was
basically that developed by James Baines and based on utiles.
Since this is simply an economic value to allow comparison a
maximum utile value of 50 was selected. Using this approach allows
us to evaluate the system effectiveness of the various HKIS can-
didate configurations. The curve shown on Figure 8 is derived from
the equations shown on the lower portion of the figure for the
indicated bounds. It was assumed that for any time less than 30
minutes mission time there would be complete confusion at the
unloading area and thus the total utiles would be expended. For
mission time greater than 10 hours there would be no value at all
to the commander and, therefore, a utile value of zero exists.
For times between 30-minutes and 10 hours a linear variation in
utile values would exit =. The cost effectiveness term Yijk is
based on the iTil candidate performing the JTH mission over the kTH
radius.

The relative system worth utilized for this analysis is
defined by the relative worth ratio shown on Figure 9. It is
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simply the system worth for the Hughes fanjet HLH divTided by the
system worth for the shaft-driven HLHS.

Results obtained from the study were presented as carpet plots
to display relative system worth as a function of payload capabil-
ity and mission range. A typical plot for the self propelled Field
Artillery Howitzer Battalion tactical mission is shown on Figure
10. As can be seen, payload capabilities varied from 30 tons to 60
tons. Mission range varied from 10 miles to 100 miles. The
relative system worth as shown reveals that the fanjet HLHS is 1.4
to 2.6 times as cost effective as an equivalent shaft machine.
The carpet plot for the other missions have not been included due
to time and space limitations. However, similar results were
obtained for the Mechanized Infantry Battalion. For the light
brigade and tank battalion the carpet plot compressed to relative
system worth of from 2.0 to 2.5 for the fanjet HLHS.

The conclusions obtained from this study (Figure 11) show
that the fanjet HLHS was 40 percent to 160 percent more cost
effective that a comparable shaft-driven HLHS. Up to the maximum
system worth design point the larger the payload the greater the
systems worth. The study revealed that the shaft-drive HLHS has a
maximum system worth for a payload of 35 tons. The fanjet HLUS
has a maximum system worth for a 55-60-ton payload. It must also
be pointed out that the 35-ton fanjet HLHS has a greater system
worth than the 35-ton shaft-drive HLHS. The third point determined
from this study revealed that the HLHS design payload requirements
should be the maximum that technology permits at an acceptable risk
level. The fourth and most important point was that the 50-60-ton
payload HLILS has the greatest system worth.
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APPENDIX K
LIGHTER-THAN-AIR VEHICLE TECHNOLOGY

Presentation by Dr. R. Ross-Goodyear Aerospace Corporation

Much of the work on LTA or, at least, most of the presentations-
are by the real LTA enthusiasts - we sometimes call "helium heads".
They sort of believe that one can do anything with LTA. If some-
body wanted a Mach 2.0 aircraft, they'd find a way to do it with
an airship. Even if they'd have to get to the moon they'd find
a way. Most of the time it is kind of emotional. There is a
wonderous sentimental attachment to lighter than air, and because
of that you find that real enthusiasts just want to do everything
with it. That was what happened when silicone cam, out. people
wanted to do everything with ;Lt from brushing your teeth to using
it for lubricants. Some places it works very well; other places
it doesn't. It is kind of interesting to note though that if you
actually look at the technology and forget about the emotions and
study applications, there are places where you can do things with
lighter than air vehicles that you can't do with anything else as
well. However, there are a lot of emotions tied up with the decisions
as to whether you. go this way or not.

It was kind of interesting to hear Dr. Burton's comments about
the Russians and what is happening in their country. It sounds
very much like what is happening here. One finds that the technical
groups that are studying the subject are coming up with the fact
that here is something that ought to be looked at, and then you
will find people that say "I don't care how it comes out on paper,
we don't want to be involved". It is interesting to see the similarity
of attitudes towarl LTA in the two countries.

At the present time I will try to tell you a little bit about
lighter than air and we'll see if we can find where it fits into
this picture. Really, when you set the ground rules, that decides
what you are going to come out with in the answer. To give you an
example: I have a friend who is a very good photographer. He used
to go out and take pictures and he would go to the same place every-
body else would, but when he came back his pictures were different
somehow or other, and I asked him, "How come?" He said,"4ell, when
I go down with this group on the tour and they are pointing out
some beautiful edifice and everybody is taking a picture of it, I
turn around to see what they are missing. This is where I get my
pictures."

Very often we get so much involved in what we are doing that
we don't look elsewhere and maybe we are missing something very
important. I think that this is one of the reasons why we were asked
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into this meeting. We are Aii vLy LI ,,•- wi.th hel•-pters
and they are doing a wonderful job and you can't beat them at their
own game sn maybe we should look around - look in the other direction
and see if there isn't something there that we should be caking a
picture of at the same time.

Now there are a lot of falacies that are built into us and one
of them is the fact that helium is in low supply. At the time
when rigid airships were important in this country and in Germany
there was a very short supply of helium; we did not give helium to
the Germans. As a matter of fact, I recall reading in the history
books that there was only enough helium to fill une airship at a
time and they had to decide whether they were going to fly this air-
ship or that airship and put the helium in the ship that they were
going to fly. They flew the Hindenburg and Graf Zeppelin with hydrogen.
Now ever since the dramatic burning of the Hindenburg at Lakehurst,
we celebrate it every year by reburning it on television. We all have
seen these were moat spectacular pictures. If you ask any of the
kids - under thirty is a kid isn't it? - that is all they know.
"Airships burn beautifully. Every year I watch them burn on tele-
vision." That is the only thing they know about airships. Now as
far as helium is concerned, I attended a helium symposium here in
Washington a few months ago and I learned something that I didn't
realize. I knew that it was possible to go out and buy helium, but
I didn't realize that there are ten commercial companies in this
country making or separating helium today and there is so much helium
available that they are running around trying to find uses for it.
I think they put 13 billion cubic feet back into the ground every
year because they can't find uses. So there is lots of helium avail-
able.

It was interesting to note that at this very same symposium
where they told about how much helium they have, there was another
paper on the same morning where somebody got up and said that they
were normally using 1.6 million cubic feet of helium. They had a
new program going showing where that yearly amount could be cut
into one-third because they were changing over to hydrogen slowly.
So here within our own country, our own people are trying to save
helium and we've got more helium than we know what to do with. I
guess the statement they made there is that in their wildest dreams
they can't see where we can possibly use up the helium we have today
in this country in the next 100 years it they don't find any additional
supply and they think they are going to find additional supplies.
So helium is here if we want to use it. We just have to know that
it is.

Now it is interesting to note that if we are going to try and
decide technologically what is going to happen here we could come
out with one answer but the statisticians often times look at the
subject and they come out with their answer. I noticed that some
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curves were presented the other day showine what airi.aft- huWa rinna

so far and an extrapolation of the curve. It is going to be pretty
hard not to fall on that curve if we do a good job on future air-
craft. You arc probably going to have a pretty tough job ro even
get to the curve but you are probably not going to fall very far
from it.

Just for the fue. of it, we decided to look at lighter than air
other than technologically. Since the beginning of the century it
has gone through five cycles of interest and if we aren't going to
spoil history, lighter than air is going to be here again. We are
ready for the next cycle. That is nontechnical.

Well, now we'll get back to the technical side. The original
vertical take-off aircraft was a balloon and I guess if we had a
picture we could show that that is the way they got off the ground
originally the first time. Then people started trying to move at
will and they put power on it and we started powered balloons and
worked our way up from there. Well, it depends on where you stand;
what you see.

Figure 1 shows the relative use of airspace by various types
of airctaft. Now, I am not saying that airships couldn't operate
somewhere else. As a matter of fact we just finished a powered
balloon program for the Air Force, and we were working somewhere
in the vicinity of 60,000 feet. This is not an airship - just a
powered balloon. So you can get and do a job there, but if you
want to do a job where it will be at its best, you should be down
here close to the ground. It doesn't mean that you can't fly at
4,000 feet at 95 degrees or any other requirement, This, however,
is whern you are going to get your best advantages - down close to
the ground, since you sacrifice lift as you go on up.

Now I am going to give you a 30 second education or course
on airship design, so after you leave here you will all be experts
(Figure 2). We all know about the rigid airships, the Akron,
Macon, the Hindenburg and the Graf Zeppelin, that type had a rigid
frame and gas cells inside this frame to perform the lift function.
Most of the airships that have been built in this country over the
last 30 years or so have been the non-rigid or pressure stabilized
type. They are really not non-rigid, they are very rigid. But
they are one balloon that contains the gas awnd are held rigid by
the fact that this gas is under pressure.

When we say "under pressure", we should define this a little
better. I guess since the days when we were kids and played with
balloons we knew that if you take a balloon and you stretch it and
you touch it with a pin making a tiny hole, it bursts. There are
many people who still think airships are like toy balloons and will
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burst if you make a little hole in them. The truth of the matter
is that back in the days of the Civil War when people used to fly
balloons made out of oiled paper they knew that this wasn't true.

... ... t -. u iaku uU and oomebudy would bay "gee you ve

got a lot of holes in the side of your balloon" he would say "shucks,
I guess I will have to come down early. I guess I won't be able
to stay up all night." These people didn't know what an expandable
balloon was so they didn't worry about them bursting. But since
we know of expandable balloons as kids we think of airships in the
same light. The truth of the matter is they are not expandable
balloons. They are a very definite shape and the pressure inside
is very, very low so that if you get a hole the gas leakage out of the
balloon is very, very slow. Now, this comes back to the old point of
vulnerability. Can you knock it down with a single shot? You find
that you have to fire a lot of shots. As a matter of fact they had
a balloon flying in Vietnam not long ago and it had some classified
equipment on it. It started to get away and they sent up three
helicopter gun ships and emptied everything they had in it. They
couldn't get the thing to come down. So, as far as vulnerability
is concerned this is an entirely new approach. Now, I am not saying
you can't put a big missile up there and blow the thing apart
because you certainly can. Z it takes an awful big hole to make

any kind of an effect on it. If you get a hole in the envelope you
won't know for a long, long time if you even got hit. Our small
airships fly back and forth across the country all the time. Periodically
they are inspected to look for holes because somehow or other they
are a nice attractive target and people like to shoot at them. The
only time the pilot knows it is when it comes through the car. He
doesn't particularly like that. Anyway we have essentially an
envelope which is made out of a very strong material.

At one time the Achilles heel was the means of attaching the
car, which is a big weight, to the envelope. It is done by means
of distributing the loads into the surface through catenary-like
arrangements. This attachment was the weak point at one time and
we thought we'd never build any of these envelopes bigger than one
million cubic feet. We have found means now whereby you can make
an attachment here that can take any load that the material can take.
The last airships built for the Navy were a million and a half cubic
feet. At the present time we see no practical limit for this type
of ship.

Now this airship does have inside it a number of aircells and
these are there primarily so that as you change your altitude or
you have temperature change or anything like that you don't have
to waste your helium. In other words, the helium changes in volume
and all you have to do is let some air in and out to compensate for
it. Now the size of aircells is strictly a function of how high
you want to go and if you are going to operate close to the ground,
these can be relatively small. It just means that you can carry
more helium and you can get more lift. That is all there is to it.
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Ine car on the ship is very much like an airplane. The

only thing is that you usually don't go above 20,000 feet so
you usually don't get involved in prcssurization. Now It isn'L
because you can't. It is because the airship's major roles
are usually at low altitude. The car is typical aircraft con-
struction; all the instruments, controls, engines, and everything
else are aircraft-type. The tail surfaces are just ultra light-
weight, small airplane-type design. I once was trying to give
somebody a physical idea of size of a tail surface and compared
it to the size of a room in a house. I found out I could put
the whole house there, not only one room. We'll get an idea
of the size a little later.

Figure 3 will give you a little feel of relative size. Here's
s 707, here's a 747, and a C-5A. The ZPG-3W is the last blimp
that we made for the Navy and the cup one is the Akron. When
people say something is large to us it seems very small. You could
fly the 707 right through the Akron without touching the wings
against the walls, if you had a pilot that good. Now this gives
you the feel of size. When you tell somebody who is working on the
Saturn that a Fourth of July rocket is big, he doesn't quite feel
the same way about it. This was built in the late '20s and the
early '30s. It was 40 years ago that they did this kind of thing
so what could we do now? So, don't let size bother you at all.
This is the Navy blimp'around 400 and some feet long. We were
working on that when the B-70 mockup was made. I went out to see
the mockup and we all walked around it and everybody was oh-ing and
ah-ing at the size. I had just come out of our air dock where we
were working on this one and I thought that the B-70 looked like an
awfully small ship.

Let's go on to Figure 4. As far as payloads are concerned,
also, the numbers are usually quite a bit bigger. So when you
are talking about getting into 50-ton or 60-ton payloads, it sounds
like a real nice low v 'ue and we should be able to do it very
quickly. This depicted a conventional airship. Usually you think
of airships as being long-range because L. y use so little fuel.
You see the change in payload is not very large. If you are talking
about 25 miles or 50 miles there and back, you're here at the left
of the chart. If you want for some reason or other to extend the
range, it doesn'L .,iange the payload too much because they don't
require very much power.

Incidentally, those sizes were all pretty much within what
has already been made.

Now if you wanted to raise your cruise speed to 120 knots.
(Figure 5), all that you are doing is increasing the power required
which means that the curves become more steep. In other words,
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you start getting more of an effect due to the fact that you have
to start to use up tueL, but you can see the category ot what you
want to do in payload is not at all out of line.

Now the secret of your application is to go back to the original
idea and make a lighter-than-air vehicle, a VTOL (Figure 6). There
is no reason in the world why you shouldn't be able to rise vertically,
fly horizontally to where you want to go and land vertically. Once
you start doing that, the idea came up that you can actually change
the shape so that you get some dynamic lift out of it. The Navy
has done a considerable amount of work in showing that airships,
even conventional shapes, are dynamic lift vehicles. It wasn't at
all out of line to put 10,000 pounds extra on a million and a half
cubic foot airship and make a running take-off just like a heavier-
than-air pilot does - pull back on the wheel, establish an angle
of attack and climb. This was standard procedure. As a matter of
fact the last ships had a tricycle landing gear and reversible
propellers and when you came into land, you landed on your gear,
put your propellers in reverse and came to a stop. You will notice
that by doing this the Navy also improved by a considerable amount,
the development of ground handling. In the old days of rigid air-
ships, they flew in a balanced manner and when they came in and
landed you saw hundreds of people around who helped to hang onto
the ship and hold it still. The last ships that the Navy operated
in the early '60s would come in and land and take-off again without
any ground crew at all. The only time that they used a ground crew
was when they were going to take the airship into its hangar or put
it on its mast. At that time they used two tractors with, I think,
two or three men on each tractor and this is about all you saw in
the I-'eld. You had a mast and you had two tractors and they did
all the ground handling with this equipment, so you can forget about
this idea of lots of people holding them down because the ships
were flown heavy and they essentially sat on the ground. They used
a very short take-off. They were a STOL-type aircraft, a short run
and they'd take-off. Now, if these vehicles had a vertical lifting
propeller or rotor, you could visualize how they could lift them-
selves off vertically and then convert and fly horizontally. The
idea of increasing the dynamic lift was applied not too long ago
in balloons for the first time. It was probably the first time
something new has happened in balloons for the last 50 years. This
was done with a tethered balloon and was actually applied to logging
operations in the western part of the country. What we did was to
put two balloons together in the form of a V and add a tail on them
so that they were stable and we had a dynamic lifting surface.

We found out that a normal, single-hull balloon that could lift
about a ton statically, would give 200 pounds extra in dynamic lift.
By taking this configuration and giving it some shape, operating it
about 30 miles an hour, we were able to get not 10% in dynamic lift
but 500%. In other words, this balloon that would normally lift a
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ton would now lift five tons. You can readily visualize if you are
gnlrna te) nItle ,p, and. tn kc thcrn. cut.., Cfe ...4 *.1...C .- t, .- u.......

change the payload from 2,200 pounds to 10,000 pounds. If you
examine the economics of it, at the end of the day it is how many
pounds of logs you have at the landing that determinesyour effective-
ness. So, the dynamic lift becomes a very important factor.

By shaping the airship a little differently you can now start
getting a larger dynamic lift, but what does it do to the ground
handling? If this vehicle is flying heavy then when you come in
and land you are not subject to the vagaries of the wind. You
are going to set where you come down. The heavier you make it the
less apt you are to move so if you take-off vertically you can do
that by the function of the amount of power you have. The gas then
actually supports the bare structure and you might say that you are
going to carry the payload with your dynamic lift. If you considered
this a helicopter, all you are saying is that the helicopter doesn't
weigh anything. You are balancing off the empty weight and you are
just carrying your payloads with the rotor so when you look at the
horsepower required it is, naturally, considerably less. The per-
cent of heaviness you carry, 25% or 80% is up to you. What we
were showing is that there is no need for heavy-duty runways, or
expensive airports. This vehicle is very much like the helicopter.
Actually the buoyancy of the gas is used to support the structure
so you have a structure with zero weight. It is hard to beat that.

This ship has a new name (Figure 7). We call this a "DYNASTAT"
instead of airship. In some places the word airship doesn't go
over too well, so we take an Aerostat and mix it with dynamic lift
and come up with a "DYNASTAT". Now, everybody can look at that
because it's new and feasible. You can select the lift that a
"DYNASTAT" should have and determine the size it would be. You
remember in the conventional airship, these lines were fairly flat,
but now you are starting to get some of this square cube law and
you begin to see a little bit of an effect of range. When you
talk about a low range you can see that you get substantial lift.
It doesn't take a lot of speed to do it either.

Now, let's talk about safety. Visualize the "DYNASTAT" with
some percent heaviness and say that you had a complete power fail-
ure. If you are already in forward motion, you can glide to a
flared landing. If you are hovering, you are in the parachute
range, as far as wing loading is concerned. Just look at the vehicle -

the size of it, and the amount of overweight and you find that you
have a loading that is very similar to parachutes so you are actually
descending at a parachute rate. In other words, you aren't cat-
astrophic. It is almost impossible to be catastrophic in this kind
of a vehicle.
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NOW, ,,my Le i! yuu wlleLe w SU Latd Luuday (Figute 8)0 We dLe
looking at a small, silent airship. There are a lot of applications,
as I mentioned earlier. There are people who like to count wild-
life from the air. We were told that in one place in Africa, where
they were trying to keep track of the elephants, they almost wiped
out a herd because they were counting the same elephants over and
over. They thought that this herd was growing like mad and they
told the hunters to go in and shoot them only to find that they
were the same elephants they were counting all the time and they
almost wiped them out. So, they would like to have some kind of
a quiet vehicle that would travel overhead without disturbing this
wildlife.

You find also that whenever you talk about coming in close to
a city or coming in close to people you want a quiet vehicle. We
have an airship out advertising all the time and sometimes we think
that the noise attracts the people who looked at it. The other day,
I understand that this backfired. An airship flew over a concert
that was going on- an open-air concert, and the conductor didn't
appreciate the engine noise. So we need a quiet one even for our
advertising or we are going to get adverse effects from it. We
are also doing some work for the military services on a little
program we call "Joe II", looking at an airship that could do a
particular job that they had in mind.

We have been flying these little advertising airships and,
incidentally, to give you a feel of size, they are about one-tenth
the size of the last ones that we built for the Navy. They are
only about 150,000 cubic feet in volume against one and half
million. They are the ones that you see coming overhead all the time.

As far as lighter-than-air is concerned, the company finds
that is their best advertising dollar. No matter what you do, fly
airplanes overhead, put movies out, blare noises and all this,
people somehow or another like to see airships and when we put one
overhead they all look up at it. We have a big flying billboard.
Right now we are making three more airships-they just finished one
and they've got two more under construction. There are three ships
in our hangar at the present time. The three new advertising air-
ships flying around the country with fantastic signs on the side
are actually big billboards with four-colored lights in motion and
the cost of the sign alone is probably a million dollars.

The company has found that this medium has wonderful operating
experience. They have been running these airships this same size,
essentially for almost 40 years without any fatalities at all. I
am not saying that they did not have some accidents. As a matter
of fact, I was recently in Indianapolis where we had taken General
Wassel up for a ride in the blimp. That night the fellows were
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supposed to bring the blimp back to Akron. I don't know what
happened but it was two o'clock in the morning when they ran into
some high tension lines that were 80 feet- off the ground. They
must have been following a highway and I guess these lines went
across their path and they ran right into them. Well, the airship
got tangled up in the lines. They lowered a rope and climbed
down to the ground. We sent our chief pilot back out there and
with a cherry picker put him back into the car. By dropping weights
and valving gas and juggling, he was able to get the blimp loose
from the wires. He flew over to a little field where they did
some emergency repairs. They then flew it home and worked like
mad to meet a commitment at the Toronto Exposition in Canada a
week later. But, they have been operating for years and years and
years and records show they are probably one of the safest vehicles
you could make.

Now there is work going on toward the development of a quiet
engine. I just picked out the Lear work here on steam engines as
an example, and if you want to get into some quiet operations this
is one way of making essentially a silent vehicle. I think this
is one of the points which is going to come up later on.

As far as the transports are concerned, we are now talking
about something bigger - something that might have some dynamic
lift. We made some studies for NASA and NASA made some studies for
themselves, and it becomes apparent that this is a good way to
carry a heavy payload. We made studies for the Air Force and they
showed that it was a good way to do their job too. Many companies
in the United States have contacted us with problems of moving
specific items. The studies always show that art airship transporter
is a feasible solution.

I have shown here a nuclear transporter. There is no reason
why today you couldn't make a nuclear powered lighter-than-air
vehicle and this is not at all out of line. Many years ago we
acutally proposed that we put a blimp in the air that could be
nuclear powered. We could have had a nuclear power plant flying
around to prove the reliability, endurance and everything else that
was questioned. We have been working with the Air Force showing
how this same nuclear power plant could be used also in a stretched
version of the C-5A, for example, for a first nuclear airplane. In
case of the airship, however, you would end up with a vehicle that
would not only have an infinite endurance but would also have a
tremendous payload. We have been working closely with Westinghouse
and the NASA people. All of the nuclear powered engine components
would only take a reasonable development period. No breakthroughs
or anything like that are needed. Let us go on to the next one.
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Let me give you a feel of the time schedule associated with
these airerrft (Figure 9). Back in the early years here was the
Akron, Macon and Hindenberg. The left scale indicates their size
at that time. Shown are all the different blimps that we did for
the Navy and our advertising ships. Also, here is a silent one
that we are now working on. Here are what we called a transporter
or an atomic powered unit. So you see, we are not really talking
about unbelievably big vehicles. We are talking about things that
are within the realm of reality. The people who built the early
airships had to have guts because with the little bit of knowledge
that they had about weather and structures they came out with some
fantastic vehicles. If you took today's knowledge and applied it
to this chart, it would be no sweat to come up with a decent vehicle.
Let me give you a feel of what these are. Let us take one of these
transporters, say a five million cubic foot ship (Figure 10). We
would be able to have a top speed of maybe 140 knots on that with
160 thousand pound payload. Well, maybe you would take 68 thousand
pounds of it as dynamic lift with a useful lift of 160 thousand.

Figure 11 is not necessarily how it would look. The artist
had to have some license but I thought this would be representative.
We can make point to point delivery. Incidentally, when looking
at this vehicle as a transporter, we found that almost any company
has a parking lot big enough to operate in and out of. We may have
to take down a couple of lamp posts, but you would be able to come
into their parking lot, load, and leave.

Reduce cargo vibration or cargo shock. I don't know if you
realize it or not but they have never recorded a half "g" in an
airship. The highest I think was .427 and that was done by making
almost a crash landing where the envelope almost enveloped the car
it came down so hard. You don't have seat belts or anything like
that in an airship. It is an extremely gentle ride. It is almost
impossible to move an item on the ground with that low a loading.
Today we spend lots of money making special containers to move fancy
equipment because we have no other way of doing it. An airship
just normally carries it that way.

All-weather operation. I don't know if you realize it or not
but the Navy actually conducted a test in cooperation with NASA and
they went out looking for icing conditions that they could not fly
in. They ran this test, I believe, for four years and they went
all over the country looking for some bad conditions. Whenever
they found one, their idea was to penetrate to the point where they
would have trouble, turn around and come out. They had this ship
equipped with ice-measuring equipment and detectors of all types.
They never, in that entire period, found something they could not
handle. They also conducted some tests under normal operating
conditions. They planned on operating a mission somewhere off the
East Coast. When the day came they went out to conduct this mission,
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to remain on statI•on for a rPn dn nPri-,A 1"1., ... C..I
the worst weather in 75 years when it occurred. All other aircraft
transportation was grounded but they kept on operating. So, I
think that they have been able to prove that lighter-than-air vehicles
can be the most all-weather aircraft that are flying today.

Now, this does not say you can't have problems. The worst
thing that you have in an airship is freezing rain. When you are
flying along and encounter freezing rain, it piles up on the large
surface. However, freezing rain is present only in a very, very
limited area and all you have to do is get out of it; know that you
are getting into it, change your altitude and you are out of the
freezing rain. Regular icing does not occur or snow does not accumulate
on the envelope. It does, however, collect on antennas or any other
little thin protuberance, The big contours, it just goes right over.
Well, I think those are the main things shown here except that you
certainly do have VTOL. Ice can accumulate though quite rapidly,
depending on the meteorological conditions, but not too fast for
you to get out of it. You see, especially with the dynamic lift
shape, you can carry tremendous loads. On conventional airships they
never had a problem as far as I know. If they are able to detect
it, they climb up out of it or descend to get out of it. To the
best of my knowledge I don't know of any icing instances they could
not handle.

Figure 12 shows that if you went to a ten million cubic foot
vehicle at the same speed, you might have a useful lift here of
275,000 pounds.

Now, let us look at a big one just for a second (Figure 13).
I know that this is larger than what you were thinking of but we
are talking in the vicinity of 800,000,or 1,000,000 pound payload
and you could make it either a chemical or nuclear vehicle. If you
wish, the speeds may go up to about 200 miles an hour in the nuclear
version. You might say "why that fast?" Really if you look at
the drag curve it goes up quite rapidly but we find that if you
put a nuclear engine in this ship, this speed is possible. It is
interesting to note that the Russians came up with about the same
size and power. This is because you can end up with about the same
weight for shield and power plant for something that is about 20,000
horsepower or 60,000 horsepower and so you might as well put the
60,000 horsepower unit in there which just means that you can then
go on up to this speed if you want to. If you looked at a curve of
power vs. weight, it would show that a certain basic weight is needed
for any power setting and the weight does not start to increase until
a substantial amount of power is available. So if you go to this
much weight you might as well go to that point in the curve where it
starts to increase and use the power available. This has been
looked at for military applications.
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large transporter. I just put this one in here because a company
did approach us on moving houses and established the sizes they
might be. they have factorles going now where they build huuse
but economically they can only deliver the houses to the places
immediately around the factory. The further they can go from the
factory, the more area they can cover with these houses. This is
a square function. If they had a vehicle that could pick tle house
up at the factory and carry it to where they want it and put it
down, they would be able to make the economics look good. Their
weights go all the way up to a million pounds per house. They
want to build the entire house in the factory and to pick the whole
thing up. They even want to pour the concrete in the most inexpensive
way. Incidentally, as far as speeds are concerned, if you find that
you are going to travel 25 miles, there is no point in going Mach
2.0. If you include the take-off and the landing time you might as
well go at a low velocity. The only time you'd need the high velocity
would be for going great distances.

If you want to look at a time schedule (Figure 15), I don't
think we have to go all the way to the '90s to do it, but I should
point out that this is the technical time scale. In other words,
we could actually build these small ones right now and deliver them
as we are doing, in a year.

If you go to this intermediate one, and if you started it
right now it would probably be the end of '72 before we would have
one flying. If you looked at the giant one, we could probably build
the first one by the end of '73, the nuclear one, probably not until
the end of '74. It would be at least one year longer to get the
nuclear engine. But I am showing you that this does not require a
breakthrough. It is just normal development. However, this does
not include the tough part of the job and that is getting the
signature on the piece of paper that tells you to go, or getting the
approvals afterwards. This is just the engineering work involved,
and if they don't start this until. 1990, we can't build it in 1974.
This, at least, gives you a feel. Let us look at the next one real
quickly.

I took this one time (Figure 16) and broke it down a little
further. Just to define the ship that you want and what you could
do with it would take a year to do. You actually have to do some
testing, not a tremendous amount - just to more or less optimize some
of the things that you are getting into. The chemical ship can be
built in three years, thenuclear one in a four-year period of time.
Now that is as far as the technology is concerned. This does not
involve the decision as to which service would operate it or anything
else.
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DESIGN ASPECTS OF EXTREMELY LARGE HELICOPTERS FOR THE VHLH

Presentation by John Schneider - Boeing-Vertol

In order to evaluate the potential of large helicopter
concepts Vertol conducted a broad study to examine the influence
of propulsion systems on configuration layouts, payload capabil-
ities, and performance of extremely large helicopters. The inves-
tigation was based on the following ground rules: 1970 technology,
payload range of 20 to 70 tons, hover capability out of ground
effect (4000'/95OF at military rated power), maximum disc loading
of 10 pounds per square foot, maximum speed less than 150 knots,
mission radius of 50 nautical miles and hover time of a half an
hour.

Before looking at the feasibility of extremely large heli-
copter designs, it would be desirable to take a look at helicopter
progress as a firm basis necessary for the extension of our design
technology. Figure 1 illustrates the growth of large helicopters
over the last 25 years. Except for the FA-284, which was powered
by reciprocating engines, the upper bound of the growth trend was
set by turbine-engined aircraft. Shaft turbines have sparked
these developments with one exception, and that is the XH-17 which
utilized compressor bleed from twin turbojets plus rotor tip burn-
ing. Although US helicopters have progressed rapidly, they have
been completely overshadowed by the Russian Mil developments, the
Mil 6 and Mil 10 single rotor helicopters and the latest, the Mil
12 lateral twin rotor type. Figure 2 compares the payload cap-
ability, for a hover out of ground effect at 4000'/950 F, and the
physical size of some of the pacesetting helicopters. It can be
seen that as hovering vehicles, the Mil 10 and Mil 12 do not
compare with the CH-47 and the CH-54. The Mil 6 and Mil 10 are
about twice the gross weight, and yet they do not have much
additional payload. However, the Mil aircraft do indicate the
feasibility of extremely large helicopters in the 50-ton payload
class since the physical size of their propulsion components are
representative of those required by the more efficient helicopters
that are being considered here.

Probably the two most important factors driving the various
approaches to a very large helicopter are those of rotor torque
and rotor diameter. As gross weight increases, rotor diameter
increases at constant disc loading. In the absence of certain
constraints, it would be desirable to increase tip speed with
diameter; however, profile power losses in hover and Mach number
effects in cruise, as well as noise problems, limit tip speed to
something below 800 feet per second, probably 750 feet per
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second. Therefore, as the rotor diameter increases much beyond
that OX LOUdy b d..L LU L~. LL - L %; .- IL t V-ftI tord-r-nn linea..vlx

with diameter resulting in higher transmission design torque,
higher unbalanced torque, and most importantly a lower centrifugal
force to blade lift ratio which leads to coning and droop problems.

Now these fundamental factors have promulgated most of the
many past and present rotor drive system concepts; however, these
effects have been relieved in the previous helicopter generations
by a gradual increase in tip speed from about 500 feet per second
in the late '40s to 700-750 feet per second today. Having now
reached the probable limit in tip speed, for noise reasons if
nothing else, we have to re-examine the effects of such a limit on
future single and multi-rotor concepts. Figure 3 illustrates 5
representative large helicopter concepts sized for a gross weight
of 350,000 pounds (at a disc loading 10 psf). All of these
concepts have certain redeeming features ranging from a minimum
number of components, as in a single rotor, to that of a minimum
size propulsion elements, as in the quad rotor. In the following
will be considered all of these feasible helicopter concepts
including what is not shown here, the co-axial,

Helicopter propulsion systems are variations of either shaft-
drive or tip-drive rotor concepts. To date, successful production
helicopter programs have been based either on reciprocating engines
or turbine engine shaft-drive systems. However, the past 30 years
have seen an almost continuous exploration of tip-drive variants
aimed at, among other things, the elimination of the rotor gear-
box. These tip-drive concepts have varied from propellers on
rotor, ram jet, pulse jet, tip turbojet, cold cycle with or with-
out tip burning, and, so on, to the warm and hot cycle jets that
are under investigation today. Great promises have been held out
for the tip-drive systems. The problem has been that the pre-
diction of the airframe weight savings have been more than negated
in the past by large fuel flow requirements. However, in order to
fully understand the fundamentals of the available options for
future large helicopter propulsion systems, this study includes
both warm and hot cycle drive systems for a single rotor as well
as shaft-drive systems as shown in Figure 4.

In order to look at the influence of propulsion system
elements on extremely large helicopters, we have to look at all
the elements independently and then combine them to get an overall
position on the relative system merits. So, first, looking at the
powerplant - It is well recognized that aircraft powerplant
technology has improved remarkably since the advent of the heli-
copter. The change from reciprocating engines to gas turbines was
as great a breakthrough for helicopters as it was for transport
airplanes. Although the early gas turbine did not match the
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plus compactness, smooth torque output, low oil consumption, lower
noise, and especially the free turbine output shaft, have more than
compensated. The pasL several years have seen the introduction of
the so-called advanced technology engines, primarily in the area of
turbofans. They are called advanced technology because of higher
pressure ratios, like 20 to 1, high turbine temperature like 2200
to 24000 F, and advanced materials and structural designs. These
core engines have introduced a completely new range of turbojets
and turbofans for the airplane market. Derivative shaft-turbine
versions have been proposed but none of them have been procured due
to the lack of a helicopter or V/STOL program. Figure 5 compares
the characteristics of today's shaft-turbine engines with the
advanced technology derivatives, as well as proposed new engines.
New engine programs offer certain advantages, like slightly better
SFC's and somewhat better power to weight ratio, but this must be
balanced against their increased cost. Derivative engines may have
slightly higher SFC's, and weight, but this must be balanced against
their lower development and procurement costs. In addition, the
value of higher TBO's and MTBR's resulting from conmmon component
experience cannot be overlooked. Advanced technology derivatives
may indeed be more cost effective than new engines, at this time,
providing that a power match is possible. Figure 6 matches shaft-
turbine engine power required to power available for certain
derivative engines. It can be seen that, generally speaking, on a
shaft-drive helicopter that a match can be obtained with no more
than four engines.

In Figure 7 are advanced technology derivatives available in
fan engines; a match can be obtained here with no more than 2, 3,
or 4 gas turbines.

In addition to weight characteristics, a primary parameter for
a successful aircraft is the drive efficiency, which is the ratio
of mechanical rotor power delivered to the gas power available.
Itu Table I can be found the incremental losses for each of the
systems, at a typical tip speed of 750 feet per second. In the
shaft-drive system, a power turbine is added to the core engine to
provide shaft-power output. Power turbine losses are about 12
percent with an additional 6 percent loss due to residual exhaust
kinetic energy. Power is then transmitted to the rotor shaft
through a gearbox and shafting arrangement, with losses depending
on number of meshes and gear characteristics. For equivalent
designs, these losses are about 2.7 percent for either single or
multi-rotor aircraft. The single rotor shaft-drive system requires
additional power for main rotor torque compensation amounting to an
additional 8.5 percent loss.

In the hot cycle and warm cycle tip drive systems, the gas
from the core engine (and fan) passes through a ducting system to
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the rotor tip cascade nozzle. Careful attention must be paid to
the ducting elements in order to achieve an efficient system. The
mixer/diffuser, diverter valve, sliding and rotating seals, inside
surface roughness, etc., can contribute significant losses. For
this analysis, minimum losses are assumed based on the expectation
that pressure and temperature gains from centrifugal pumping will
compensate for these losses.

The left side of Figure 8 summarizes the variation in Drive
System Efficiency with main rotor tip speed for the systems
considered. The warm cycle system shown here was based on an
optimization of bypass ratio, external aerodynamics and blade
materials requirements. Since this study was based on equal gas
horsepower available and therefore a constant fuel flow, the
specific fuel consumption is inversely proportional to the drive
efficiency. Therefore, the warm and hot cycles will use fuel at a
ratio of 1.5 and 2.1 times that of the best shaft-drive as shown
on the right side of Figure 8. One of the trade offs available to
offset the poor fuel consumption is the elimination of much of the
drive system weight needed for the shaft-drive system.

Rotor transmissions are the primary element in the shaft-
drive system. The other gearboxe. in the system usually operate
at relatively high input and high output speeds, and because of the
low torque can, therefore, transmit large powers for relatively low
weights; however, the rotor transmission must reduce a relatively
high speed power input to a low speed of the rotor. Because of the
rotor tip speed limitation discussed earlier, rotor rpm for the
large helicopters discussed here will decrease linearly with
diameter. Figure 9 indicates the trend of rotor transmission de-
sign torque versus design gross wdight for both single and multi-
rotor systems. Substantial progress has been made in the develop-
ment and manufactureof large gearboxes. Facilities now exist for
machining, grinding, and heat treating gears to such size as to
accommodate nearly a million and a half foot pounds of design
torque. For this amount it car be seen that in a twin rotor
system you can get out to about 300,000 pounds gross weight and in
a tri rotor/quad rotor you can go on to 400,000 pounds. Develop-
ment of the tip-jet systems began in the days when the shaft-drive
systems weighed about one pound per horsepower. However, drive
system weight has improved to today's value of about six tenths
pound per horsepower. It is anticipated that a reduction of about
20 percent is possible due to projected technological advances in
materials, manufacturing processes, lubrication media, and new
tooth forms. Figure 10 contrasts the shaft-drive systems weight
with that of the hot and warm drive elements. For the shaft-drive
system these elements include all the gearboxes, shafting,
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cycle systems the elements include the mixer/diffuser ducting, I
diverter valves, hub transfer ducting, rotor blade sliding and
rotor joints, main rotor shaft, power takeoff for the yaw rotor,
and shafting and gearboxes in the yaw rotor system.

Let us now look at another propulsion element, the rotor.
First, we will look at conventional rotors. As indicated earlier,
some of the imst influential factors in the development of
extremely large helicopters are rotor systems technology and per-
formance limitations. Due to fundamental limitations on tip speed,
increasingly large rotor diameters will suffer weight penalties in
order to integrate the detailed design requirements imposed by
flapping loads, centrifugal force, torsional rigidity, ground
resonance, rotational inertia, droop criteria, and the coning
criteria. The primary cause can be attributed to a decreased ratio
of centrifugal force overblade-lift or as called, loss of cen-
trifugal relief. Figure 11 illustrates this effect on the blade

coning angle in hover. Although a moderate blade coning angle in
itself is no problem during hover, its effect is felt in a cruise
mode when flappinkg due to the velocity differential, maneuvers, and
gusts is impressed on a high steady coning angle. Experience has
shown that to avoid high vibration and increased power requirements
in cruise flight, steady coning angles should be no larger than
those shown in this somewhat ill-defined gray area of Figure 11.
Of course, tip weights or outboard structural weight may be added
to reduce coning, but this is at the expense of static droop angle
and increased empty weight. Increased droop angles require larger
pylons, longer landing gears, or special droop stop mechanisms.
Therefore, increased blade thickness inboard is generally required
for droop allevation. The net effect of the droop and coning
control requirements is to cause the rotor system weight to
increase at a faster rate for rotor diameters above 80 to 90 feet
as shown in Figure 12. The weight of present US production rotor.
systems is approximately proportional to diameter to the 2.18
power. However, the weights of rotors above 80 to 90 feet in
diameter will be approximately proportional to diameter to the 3.2
power,

It is possible that future advancements in new materials and
fabrication techniques will provide some relief to the droop
problems, thereby allowing increased weight to be available for
the coning solutions. The advanced fiberglass blades as well as
boron/fiberglass blades are the subject of high priority programs
now underway.

Now looking at rotors for tip jet drive helicopters, they
have fundamental constraints of their own as well as those of
conventional rotors. Some of their constraints are the materials
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and design concepts to provide for warm or hot gas ducting; reduced
figure of merit of 13 to 20 percent due to increase in thickness
ratios and very low blade aspect ratios; the problem of matching
external aerodynamics and gas flow volume requirementR; the
vulnerability or safety aspects due to rupture or puncture of the
hot gas ducting; control loads due to necessity of unbalanced
blades to avoid large chordwise balance weight penalties; and
control stiffness requirements due to unbalanced blades. Although
the high torsional stiffness of the large warm and hot cycle
blades preclude flutter of the structure, the unbalance requires
very stiff control system linkages for flutter avoidance. The
effects of most of these factors is reflected in an increased rotor
weight fraction for both warm and hot cycle systems. Figure 13
correlates previous tip jet rotor system weights on a parametric
trend basis with those of conventional articulated rotors.
Although lower weights for hot cycle rotors have in the past been
put forward, this figure is believed to show a representative
family trend. Now this conclusion is further strengthened by the
data on this next curve, Figure 14, which shows the relationship
of certain tested tip-jet rotors and rotor design studies to
existing conventional rotor weights.

The tip-jet rotor does not (in the foreseeable future) have a
coning problem. The increased rotor weight, including the ducting
and tip cascades, provides adequate coning control for diameters
up to about 250 feet. The increased thickness ratio required for
gas flow volume may reduce droop angle although this effect is
somewhat less due to the outboard weight distribution.

The influence of the propulsion system on extremely large
helicopter design can now be summarized by examining its effect on
both weight and performance. Other factors, such as technical
risks, costs, and timeliness, are strongly related in this case to
the aircraft sizing resulting from payload requirements. The con-
figurations in this study were identical in philosophy, except as
modified to reflect the requirements of the specific propulsion
concept. Figure 15 presents the component weight breakdown for 8
of the concepts investigated for a design gross weight region of
100,000 to 350,000 pounds. Generally, the large differences in
concepts are a result of rotor system, drive system, and mission
fuel weights that follow from the previous discussions. The
significant points to be noted are the values and slopes of the
payload fractions. Although payload fractions of both warm and
hot cycle are small, the slope indicates little variation with
gross weight. However, the shaft-driven single lifting rotor
because of the rotor and drive system weight effects discussed
earlier, loses its payload carrying capability with increased size.
The co-axial follows the same trend although delayed due to lesser
drive system effects. The shaft-driven multi-rotor systems show
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weight. This effect has been recognized by the noted designer of
very large helicopters, Dr. Mil, as he noted in his recently
publiuhAd book, and has resulted in his switch from the large
single lifting rotor to twin rotors in order to delay the weight
escalation while providing a higher payload capability. Figure 16
converts the same payload fraction data into payload available
trends as a function of design gross weight. In summary, this
figure shows the potential of reaching the 50 ton or greater pay-
load goal with the next generation multi-rotor helicopter. In
fact, at 350,000 pounds gross weight in a multi-rotor, a 60-ton
payload can be obtained. The shaft-driven single lifting rotor
does not match this capability and the warm and hot cycle concepts
appear to be competitive only at gross weights above 400,000
pounds.

Now looking a little into cost effectiveness, the criterion
for measuring the economy of various transport aircraft is
generally based either on the cost of procurement or on operation-
al cost criteria. Cost of procurement correlates with the empty
weight of the aircraft. A conmmon index of procurement economy in
engineering terms is, therefore, the ratio of productivity to
empty weight, as shown in the left side of Figure 17. In the
field, under wartime conditions, expenses incurred in the past are
no longer of consequence so the cost of fulfilling the irmnediate
task is determined mainly by the amount of fuel consumed. Thus,
the economy of field operations can be expressed as a ratio of
productivity to fuel required as shown in the right side of Figure
17. A cursory glance at these two curves will show that the
multi-rotor systems are relatively more attractive for future
large transport helicopters.

Primary technical risks in the development of these large
payload helicopters appear to be in the area of rotor and drive
system technology especially for the single, co-axial, warm, and
hot cycle concepts. The use of multi-rotor shaft-drive systems
alleviate these risks to a large degree in a lower payload range
(like 20 to 40 tons). For payloads of 40 tons or more, a multi-
rotor concept is clearly required. Figure 18 summarizes the
significant sizing risks in terms of rotor diameter, rotor gearbox
design torque, and rotor gearbox weight. Note the diameters of
actual rotors on this left-hand chart. For the shaft-drive single
rotor, the significant risks are in rotor development for very
large diameter rotors and manufacture of very high torque gear-
boxes. Aside from these, the concept is well understood having
had many years of production and operational experience. For the
warm and hot cycles we have in addition to rotor development risks
for the very large rotor diameters required, the need for develop-
ment and operational test of adequate structural material concepts
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of the hot gas ducting require testing under actual operational
conditions. In the co-axial rotor area, although the rotor gear-
box design Lorque risks are reduced from those of single rotors, the
development of the very large rotor and large gearbox are the signif-
icant technical risks. Although, there have been co-axial production
programs, these have been confined to relatively small aircraft. In
tandem and lateral twin rotor concepts the development risks do not
appear to be of major significance in either the rotor or drive
system area. The tandem rotor helicopter has a record of many years
of production and operational experience. The lateral twin lacks
this history of problem solving; therefore, there may be fundamental
risks in the lateral twin that are not yet well understood, such as
vibration and flying qualities. In the tandem, desirable improve-
ment in vibrations, flying qualities and so on have been identified
and solutions are available. In the tri-rotor and quad-rotor
concepts, obviously, serious rotor and gearbox risks are practically
nonexistent in either of these concepts. However, neither concept
has an operational history. A previous AGAPD study indicated problem
areas in decreased mechanical reliability, increased structural
complexities and structural weight.

In conclusion, it is evident from the foregoing that the goal
of the 50-ton or greater payload capability is possible in the next
generation helicopter providing that a multi-rotor concept is select-
ed. Neither the shaft-driven single lifting rotor, co-axial, warm
cycle or hot cycle concepts show an economical potential for this
payload capability. Although, multi-rotor concepts, such as the
tri-rotor and quad-rotor would have lower technical risks in the
rotor and gearbox systems, increased structural complexities and
structural weight, as well as decreased mechanical reliability
detract from their potential. These effects must be traded off
against the desire for order-of-magnitude improvements in maintain-
ability. Twin rotor systems to be considered are the lateral twin
and tandem concepts. Although, several of the early helicopters,
and the recent Mil 12, were of the lateral twin layout, the concept
has not yet had the benefit of an extensive service history to work
out any unknown problems. Therefore, a lateral twin concept may be
considered a greater risk than the tandem concept. In the tandem
rotor concept, the technology base developed as a result of over 2
million flying hours in civil and military operations will provide
the improvement necessary for a successful large helicopter
development.
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APPENDIX M

SIZE EFFECTS

Presentation by Mr. Edward S. Carter, Sikorsky

This discussion will briefly cover some of the work we have
been doing on the question of size effects and the impact it will
have on some of the basic criteria we generally accept. The 50-
60 ton payload VHL aircraft that we have been talking about today
is a mighty.big vehicle, and we have not developed the very large
building blocks in this country as our Soviet friends have; we have
an awful lot to learn. Figure 1 illustrates some of the areas we
have been thinking about.

TAKE OFF CRITERIA:

The first.is take-off criteria. What effect does the very
large rotor have on the hover power margin requirements that have
been receiving so much attention lately? Next, what is the effect
of very large airframes with very big loads operating in confined
areas on handling quality requirements? Then, what is the effect
on our dynamic load criteria that goes along with this? Also,
what is the effect on the frequency trends when we get into much
larger aircraft? Blade frequencies and the airframe frequencies
are going to change, and they are going to have a big impact on
our rotor design. And then, finally noise.

Let us consider the take-off criteria first. It basically
breaks down into the question of the power margin that you require
to get in and out of a confined area which we feel is a function
of the blade radius that you are dealing with. By this, we mean
the requirement that we heard cited yesterday of 500 feet-per-
minute vertical rate of climb imposed on top of an OGE require-
ment. We are not talking about the temperature and altitude
requirement. Each customer must tell us where they are going to
operate the machine, and then we must design it for the temperature
and altitude requirement. But once you have accepted that - what
power margin do you require to operate from a confined area? Most
of the thinking that has generated current criteria has been
derived from experience with the UH-l's and other smaller aircraft.
This experience involves 40 to 50 foot rotors operating in confined
areas where the obstructions can be from 50 to 75 feet high. There
will be a very different situation when we start operating 160 to
200 foot rotors over the same trees. The trees are not going to
change. We doubt very much if a VHLH will ever hover out-of-ground
effect, and we think we see indications of this trend in both the
CH-54 and the Mil 10 experience. We have talked to pilots who have
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flown the Mil 10 and there is no question that it is an in-ground
effect vehicle. In fact, it is used in a STOL mode a good deal

.6 s AMW . .Lt L. &SW LIý Wy J. 1* . -1. -N -I.-

problem. It is the closest thing we have ever produced to a flat-
rated aircraft. It should have come closer to meeting the Army's
requirements for power margin than any other helicopter in the
field today. But what happened in Vietnam? Instead of flying it
as designed for GW from 38 to 42 thousand pounds, we are flying it
at 47 thousand puunds, and you find that the power margin available
for any given temperature and altitude, instead of meeting OGE or
500 feet-pcr-minute over OGE requirement, is coming out a little
more like 10% below OGE. Figure 2 illustrates the experience that
we have been recording in service in terms of the spectrum of power
margins as the pilots are flying the CH-54. The abscissa is the
amount of power available relative to what it would take to hover
OGE. By far, the majority of the work being done in S.E.A. is so
far in-ground effect that they can operate with close to a minus
10% power margin. To be sure we are not at all certain that there
is not a little cheating on transmission ratings going on; but the
fact remains that if the aircraft was constrained to operate at
the recently proposed criteria, it would be limited to gross weights
way below the majority of current utilization.

The message here is that usage will rise to meet the IGE cap-
ability and we must recognize this if we are to achieve a balanced
design. If we build a 50-ton crane with a 500 foot-per-minute
vertical rate of climb over OGE, we are going to find that we have
a 70 ton crane by the time that it is in service. However, this
is apparently a very disputable point. There is the evidence I
have just cited, but there are plenty of people in the procuring
service that do not agree. So, I would like to urge this group to
support this testins to find out what these power margin require-
ments really are in confined areas, and how they are affected by
size. Very little of this has been done, particularly, with very
large helicopters. We ought to take the CH-54 and get some real
side-by-side flight testing with a smaller helicopter to pin down
the effect of size. Compare the CH-54 to the UH-1 and find out what
it takes in the way of power margin to operate in the same confined
areas.

HANDLING OUALITIES:

Handling qualities characteristics affected by size are
principally, the maneuver requirement and the effect of pilot
location on the kinesthetic environment we are putting him in.
With reference to maneuver requirements, we again learn interesting
things from Mil 10 pilot experience. From all reports it is a very,
sluggish machine. The Soviets have sacrificed no payload to provide
a fast or snappy response. Apparently pilots just accept the fact
that you must handle such a large aircraft with kid gloves. The
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* situation is somewhat analogous to trying to dock the Queen Mary.
Nobody expects to hot-rod the Queen Mary into New York Harbor
like a kid with an outboard. Yet, at the moment, our handling
qualities criteria, and our demands for maneuverability show no
real recognition of size effect except for the control power
consideration. Even such things as engine responso apparently is

very, very sluggish on the Mil 10. While it is true this is one
of the things that western pilots thought was too marginal, the
fact remains that with large size aircraft there is a question
of whether you "an afford the luxury of all of the maneuverability
that we have been accustomed to on smaller aircraft.

Figure 3 indicates another way that size effect impacts control
criteria. It illustrates what has happened to pilot location as
we have made larger aircraft. Virtually all of our current VTOL
types depend upon inclining the lifting vector in order to obtain
horizontal acceleration. This means anytime that you want to
accelerate you must tip the aircraft and, when you tip the aircraft,
since the pilot is removed from the center of gravity, you are
going to put a significant acceleration on him. *The H-34, which
was always a very nice pilot's airplane, had the pilot located
quite high relative to the axis of rotation and just barely ahead
of it. In the H-37, he was relatively high and well forward of
the e.g. On the CH-54, the pilot is beginning to gee well forward
of the axis of rotation and we are reaching the point where, when
we make a yaw correction, we have to anticipate a good deal of
lateral acceleration, unless, as we suspect to be the case, the
pilots are ingenious enough to rotate the aircraft around themselves
instead of around the e.g. However, for crane missions, the pilot
must rotate around the e.g. to avoid translating the hoist point.

Consider, now, the VHLH. The pilot is going to be at least
twice as far out ahead of the e.g, or hoist point. So again we
have an area we need to study, We are not saying it is insurmountable
nor that it is a spacing problem but it is something that we need
to do basic homework on. How are these pilots going to fly this
aircraft? Are they going to rotate around the c.g. or are they going
to rotate around themselves; and if around the e.g., what impact
does this have on optimum control response.

.A special aspect of this problem which also occurs in large
fin.d-wing aircraft is rotation and landing gear impact during the
landing flare. With the pilot so far out ahead of the rotation
axis he may well have a tendency to fly the rear end of the airplane
into the ground. As a matter of fact, we have already seen this
phenomena on the CH-53 where we found that Service Pilots were
frequently landingiwith a rate of descent on the landing gear at
touchdown significantly in excess o.f.what. they thought they were
imposing, simply because as they flared the aircraft, they flared
it around themselves and tended to fly the rear end into the ground.
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This is just one of those natural trends that we have all
seen evidence of. The point is. that when we talk about building
an airplane that is perhaps four times the gross weight of anything
we have flown today, we must identify these areas for some basic
homework. We think this would be a very good problcm for the 6-
degree of freedom similator at NASA Ames.

DYNAMIC LOADS

I will not talk too much about the question of dynamic loads.

It is pretty evident that it goes without saying that, if we are
going to charge our maneuverability requirements, this will have
an impact on the load factors and angular accelerations. There is
always the question of gust response and how this is going to be
altered in much larger aircraft. We are getting to the point where
the size of the rotor relative to the size of the gust can be
significantly different, thus another area that needs homework.
On the other hand, frequency trends are a special. concern in very
large rotary wing aircraft. We are concerned with what is going
to happen as the I per rev excitation from the rotor begins to come
pretty close to the airframe first bending mode. The general
trends are indicated on the right side of Figure 4. It is even
possible that the VHLH aircraft will be large enough so that you
might get to the point where the aircraft airframe modes could be
low enough to couple with the in-plane degrees of freedom of the
rotor ("Air Resonance").

However, an even more critical, problem may be the human response
resonances. We know that the human being is very unhappy if he
is exposed to 2 to 5 cps, and as you push up the rotor diameter
(holding the tip speed), you lower the rpm, and as you lower the
rpm you get your frequencies down where we do not want them. The
right side of Figure 4 shows the trends which result. With a six-
bladed rotor, on a 40,000 lb aircraft we are getting N per rev
frequencies around 17 cycles. The pilots seem to like this as a
range for excitation frequency. We notice that we can get away
with a good deal more g's at 17 cycles than they did at 10 cycles
in the old H1-19. But as we go to bigger sizes, even the six-bladed
rotor is going to drop down into the below 10 cps range. On the
left side of Figure 4 is a relative annoyance versus frequency plot
as a constant G level. So the message is that we will be forced
to more and more blades to keep the frequencies up, and we must
do the homework required to be able to use large numbers of blades
ef fic.ently.,
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NOISE

I have only one other brief subject to touch on, and that is
the qiiestion of noise. Several people asked yesterday whether any-
one has done any thinking on what the noise problem will be. We
have done a little bit, as illustrated in Figure 5. One inevitably
feels that with power, comes noise. You can change the spectrum
a good bit - and you can put weight in to reduce the noise problem
but, inevitably, if we are putting in a lot more power, there is

going to be more noiAe for a given level of acoustic control.
Figure 5 plots against power the PNdB level of several helicopters
to give a little feel for the problem. The R-3, at a distance of
200 ft, is at about 103 PNdB now. The H-54 and H-53 are around 114.
We think that we should be able to keep on a trend line that is
below the goal for the quiet H-3 program. So with the technology
at our disposal today, we think we should be able to get down to
the lower line, especially if we can take advantage of the change
in the frequency distribution that you should have in the VHLH.
Even with this, however, we must estimate that your VHLH will
probably be in the 117 PNdB ball park.
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APPENDIX N
FRG ADVANCEMENTS RELATED TO THE VHLH

Presentation by Herr K. Pfleiderer - Messerschmidt-B•lkow

First of all I want to confirm all the data given by
Mr. Schneider (Boeing Vertol) and Mr. Amer (Hughes Tool Company)
about the efficiencies of the tip-driven helicopter rotor systems.
There is good agreement between their results and those obtained
at B;Ikow on various test rigs with cold and warm cycle systems.
There is, however, one specific point on which I disagree with
both gentlemen; and this is the weight of the rotor system. We
define it as the weight of the hub, the blades and the stationary
and rotating gas ducts. These estimates seem to me to be too
pessimistic in the cast of Mr. Schneider's and too optimistic in
the case of Mr. Amer's presentation.

The weight estimates given by Mr. Schneider are partly incor-
porating B•lkow data, with the restriction that this data applies
to steel rotor hubs and not to those "titanium rotor hubs," that
have been designed in the meantime. The current opinion, in our
company, is that rotor system weights of 15-16 percent of all-up-
weight can be reached. Figure 1 shows a drawing of a 50-ton crane
helicopter project for which all of our research work has been
done. Figure 2 shows a review of the total program at Ef].kow on
tip-driven helicopters in the past years. We started with a 4m
diameter cold cycle test rig and ended up with a 31m diameter warm
cycle rotor test bed on which most of the quoted efficiency data
were measured.

During all of our research, we found an interesting relation-
ship between blade-chord, bypass ratio, and pressure ratio. Look-
ing for the optimum drive efficiency (that is, for minimum fuel
consumption per net thrust in hovering flight), it was found, that
a bypass ratio of M - 2 fulfills this objective. In Figure 3,
calculated efficiency data are plotted against the chord of the
rotor blade for 3 and 4 blade rotors. In this figure there is
included a line for the mean lift coefficient of the blade of
CL - 0.6. At the beginning of the meeting, Is I remember, we
heard from Dr. McCormick that he suggests a CL of 0.45 as a suit-
able value. Using either of these values one ends up with the
same chord of the blade as one would when dimensioning for the
minimum fuel consumption criterion. That means if you talk about
3 or 4 blade rotor systems, there is no difference in blade chord
between shaft and tip-driven designs, and, of course, none between
hot or cold cycle systems. These results can also be seen from
Figure 4 which'shows the optimum blade chord for various tip speeds
of tip-driven systems as a function of bypass ratio. The indicated
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line for CL - 0.6 is influencing the chord of the blade up to the
optimum bypass ratio of M - 0.2. The only design parameter left
is the thickness of the blade, and I'll show you later that by
uhocdwise unbalanced biaces you have no duct area problems when
using conventional thickness ratios for the blades. This is valid I
for hot or warm cycles, but the warm cycle offers many advantages
in lifetime, weight, simplicity, etc. Figure 5 shows "gas tempera-
ture and gas pressure as a function of bypass ratio. As you have
no duct area problem regarding the C requirement, you now of
course will choose the warm cycle wiih only 500-600°F and a pres-
sure ratio in the order of 2.1. At this gas temperature you can
employ currently available materials and technologies. You also -

and this is a very important point - can use existing fan engines.
This will bring the advantage of being able to utilize future
engine developments with higher turbine inlet temperatures and
compression ratios, resulting in lower fuel comsumption; all this
without requiring new blade construction technologies. These
would have to be developed if you took the gases from simple gas
generators with bypass mixing, that is, hot cycle for 14001F and
more.

To save blade weight and tp get a maximum gas duct area, we
looked at the flutter behavior 8f chordwise unbalanced blades. We
ended up with blades that have their center of gravity at 32 per-
cent chord. Test results and analytical studies showed that no
danger of flutter exists throughout the flight regime. This is
achieved by the high torsional stiffness of those blades. From
Figure 6 you can see these blades have 3-times the torsional
frequency ratio than conventional rotor blades. Figure 7 shows a
cross section of such blade. The load carrying structure is of
elliptical shape and, therefore, a near optimum for withstanding
the internal pressure, which is 100-times higher than the external
aerodynamic loads. This ratio would increase to twice this value
when using pure gas generators and, therefore, would cause severe
structural and blade weight problems. Figures 8 and 9 show those
two blade designs out of a dozen; we considered the best to be an
aluminum fiberglass composite blade. Two filament wound fiber-
glass tubes are bonded together to form an elliptic structure.
HRfH-Honeycomb webs are bonded to this inner structure before the
outer aluminum skin is fixed to it, also by a bonding process. A
similar structure was proposed for use on the SST-airplanes. The
second blade design is a stainless steel sandwich construction
made with the AVCORAMIC process. To prevent high thermal stresses
between the inner and outer skin, the inner one is insulated by a
non-structural high-temperature (Polyimide) fiberglass sandwich
against the warm gas flow. Figure 10 shows our favorite hub
design. We designed five different hubs for weight estimates and
comparisons. Using steel as structural hub material we ended up
with 20-21 percent rotor weight of the total weight of the
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helicopter. That is the number Mr. Schneider has already mentioned.
By usina titanium. wa rAdtinad it- dnIwn 1n 16 parrPntr.

Let me now give you an interesting result concerning the
fuselage weight or auch a big helicopter. Meeting MIL 8501, a long
tailboom and a tail rotor outside the main rotor circle is lighter
than a short one and you can save about 50 to 60 percent the tail-
boom weight. You also need less horsepower for your control and
the helicopter has a better directional stability. Comparing the
total weight of the fuselage of shaft and tip-driven helicopters,
we obtained an over all difference of about 15 percent, the fuse-
lage of the tip-driven one being lighter.

Let me conclude with the problem of cockpit vibration. I
think the coimment, that the low frequency vibration of a large 3-
bladed rotor acting on the pilot can be a limitation on such heli-
copters and may necessitate some passive or active damping devices,
is important. This problem should be studied immediately. A
cockpit vibration isolation can only be used for transport heli-
copters. But I think that we should take into account that some
of these helicopters will sometimes have passenger compartments
fixed to the fuselage. Therefore, all possible ways of fighting
the problem should be thoroughly investigated.
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